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1
–Chapter 1– Introduction 
 
1.1 Objective  
As a future photonic technology, a new research field of “near-field optics” has attracted much 
attention. In the near-field optics, the light localized in a small region that is beyond the diffraction 
limit is utilized. This light is called “optical near-field” or “near-field light”. This special light is 
applicable to new optical devices with functions that could not be realized by conventional devices 
due to the diffraction limit [1–3]. Therefore, its basic and application-oriented researches are being 
carried out in many fields such as physics, chemistry, and biology. In order to generate the optical 
near-field, it is necessary to form micro- and nano-structured metals and insulators. Thus, it has been 
attempted to fabricate these structures using various methods. Furthermore, their optical properties 
have been investigated to discuss whether the structures can be applied to optical devices such as 
biomolecular sensors. 
This doctoral thesis consists of seven chapters. In the following Section 1.2, the basic theory of 
the near-field optics will be explained, while that of the micro- or nano-structure formation and its 
related researches will be described in Section 1.3. From these reviews, advancement of the present 
developed methods will be revealed. In Chapter 2, structural changes induced by swift-heavy-ion 
irradiation in insulators will be discussed. Applications of swift-heavy-ion irradiation to three- 
dimensional lithography will also be described in Chapter 2. In Chapter 3, the research reported in 
Chapter 2 will be further developed. Namely, the effects induced by swift heavy ions in insulators 
will be investigated in more detail. Using knowledge obtained from the investigation, nanopores 
were formed on the surface of the insulator. Furthermore, a new plasmonic structure with a 
three-dimensional distribution of Au nanoparticles (NPs) was fabricated by embedment of Au NPs 
into the nanopores. It will be also discussed whether the fabricated structure can be applied to optical 
devices such as biomolecular sensors. In addition, thin-silica-coated Ag NPs, which are applicable to 
various optical devices, were fabricated by chemical syntheses, and their optical properties and 
applicability to devices will be discussed in Chapter 4. In Chapter 5, which is closely related to 
Chapter 4, effects of a solution conductivity on the formation of the thin-silica-coated Ag NPs will 
be examined in detail. In Chapter 6, a nondestructive technique that utilizes optical near-fields 
induced by the total internal reflection of light to estimate, in principle, the shapes of metal 
nanostructures will be demonstrated. Finally, in Chapter 7, the researches will be summarized, and 
future prospects in the near-field optics will be addressed.  
 
1.2 Near-field Optics  
In this section, the basic theories dealing with various phenomena in near-field optics and their 
applications are described. First, evanescent fields induced by the total internal reflection of light are 
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explained in Section 1.2.1. Then, in Section 1.2.2, the principle of the surface plasmon resonance 
induced in metal films, which is essential to discuss the near-field optics, is mentioned, while that of 
the localized surface plasmon resonance induced in metal NPs is explained in Section 1.2.3. Lastly, 
applications of these phenomena are summarized in Section 1.2.4.  
 
1.2.1 Evanescent Fields Induced by the Total Internal Reflection of Light  
First, localized light called “evanescent field”, which is induced by the total internal reflection of 
light, is described [4]. As shown in Fig. 1.1, at z = 0, material A with a relative permittivity of εa’ (z > 
0) is assumed to be on material B with that of εb’ (z < 0). Here, it is assumed to be εa’ <  εb’, while 
the dielectric loss factors of both materials are assumed to be zero in order to simplify discussion. In 
this configuration, light with an angular frequency of ω is illuminated from the side of material B at 
an incident angle of θb, and is assumed to be refracted at an angle of θa. Here, the incident plane of 
the light is assumed to be the zx plane. In this case, the electric field of the light propagating in 
material A, referred to as Ea, is expressed as  
 { })(exp0 tzkxki azaxaa ω−+= EE ,     (1.1) 
where kax and kaz are the wave numbers of the light in the x and z directions, respectively, and are 
written as  
 aaax c
k θεω sin'= ,      (1.2) 
 aaaz c
k θεω cos'= .      (1.3) 
Furthermore, from Snell’s law, the following Eq. (1.4) can be estimated,  
 b
a
b
a θε
εθ sin
'
'sin = .      (1.4) 
If the light is illuminated at an incident angle θb, which is larger than the total internal reflection 
angle obtained by substituting θa = π/2 into Eq. (1.4), the light is completely reflected at the interface 
between materials A and B. In this case, Eq. (1.4) can be transformed into  
 b
a
b
a i θε
εθ 2sin
'
'1cos +−±= .     (1.5) 
Thus, in the case that the illuminated light is internally reflected totally, Eq. (1.1) can be written as 
Eq. (1.6) using Eqs. (1.2), (1.3), and (1.5),  
 ⎭⎬
⎫
⎩⎨
⎧ +−−= z
c
tx
c
i bbaaaaa θεεωωθεω 20 sin'')sin'(exp mEE . (1.6) 
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If we take the plus sign in Eq. (1.6), the electric field increases exponentially as the distance from the 
interface becomes large, which never actually happens. Therefore, Eq. (1.6) is expressed as 
 ⎭⎬
⎫
⎩⎨
⎧ +−−−= z
c
tx
c
i bbaaaaa θεεωωθεω 20 sin'')sin'(expEE . (1.7) 
From Eq. (1.7), it is found that the electric field intensity decays exponentially with an increase in 
distance from the interface, which indicates that the light is localized in the vicinity of the interface. 
This is a feature of an evanescent wave induced by the total internal reflection of light, which is 
applicable to a waveguide-mode sensor to detect substances such as biomolecules.  
In Chapter 6, a nondestructive technique that utilizes optical near-fields induced by the total 
internal reflection of light to estimate, in principle, the shapes of metal nanostructures will be 
demonstrated. 
 
1.2.2 Surface Plasmon Resonance 
When light with a wavelength longer than a certain critical one is illuminated to metals such as Au 
and Ag, it is completely reflected by the plasma oscillation. This phenomenon is called “plasma 
reflection”, while the critical wavelength λp called “plasma wavelength” is expressed using the 
equation [1,5–9], 
 2
02
ne
mcp
επλ = ,       (1.8) 
where c, ε0, m, n, and e are the speed of light, vacuum permittivity, static electron mass, density of 
electrons in a metal, and elementary charge. Since λp is calculated to be ~140 nm in Au and Ag [1], 
visible light, with wavelengths longer than λp, is completely reflected, showing metallic luster.  
However, in the case that P-polarized light with the electric field parallel to its incident plane is 
illuminated to metals at a certain incident angle, its reflectance may significantly decrease. This 
phenomenon is called “surface plasmon (SP) resonance”, and its principle can be explained as 
follows [1–3,10,11]. As shown in Fig. 1.2(a), a structure composed of three layers of materials C, D, 
and E is assumed. Here, at z = 0, materials C (z > 0) and D (z < 0) are in contact with each other, 
while the relative complex permittivities of materials C, D, and E are given as εrc* = εrc’ − iεrc”, εrd* = 
εrd’ − iεrd”, and εre* = εre’ − iεre”, respectively. In this configuration, P-polarized light with an angular 
frequency ω is assumed to be propagating in materials C and D, keeping its electric field parallel to 
the zx plane. The electric field of the light in material C or at z > 0, referred to as Ec, is described 
using the equation,  
 ( ){ }tzkxkiEE czcxczcxc ω−++= exp)( kiE ,    (1.9) 
while the one in material D or at z < 0, referred to as Ed, is expressed as 
 ( ){ }tzkxkiEE dzdxdzdxd ω−−+= exp)( kiE .    (1.10) 
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Here, it is assumed that materials C and D are electrically neutral on a macroscopic scale, and have 
no net true electric charges. Furthermore, it is also assumed that the frequency of the propagating 
light is too high for conduction current to flow. Moreover, permeabilities of most materials are 
considered to be completely unity. From these assumptions, the wave equation,  
 2
2
2
*
2
tc
r
∂
∂=∇ EE ε ,      (1.11) 
is derived from Maxwell’s equations [12]. By substituting Eqs. (1.9) and (1.10) into Eq. (1.11), the 
following Eqs. (1.12) and (1.13) can be obtained, respectively, 
 22
*
22 ωε
c
kk rcczcx −=−− ,      (1.12) 
 22
*
22 ωε
c
kk rddzdx −=−− .      (1.13) 
Furthermore, from Gauss’s law, 
 0)( *0 =⋅∇ crc Eεε ,      (1.14) 
 0)( *0 =⋅∇ drd Eεε ,      (1.15) 
are obtained. By substituting Eqs. (1.9) and (1.10) into Eqs. (1.14) and (1.15), the following Eqs. 
(1.16) and (1.17) can be obtained, respectively, 
 czczcxcx kEkE −= ,       (1.16) 
 dzdzdxdx kEkE = .       (1.17) 
In addition, from Gauss’s law, the dielectric flux density in the z direction should be the same on 
both sides of the interface between materials A and B. Therefore, the following Eq. (1.18) can be 
obtained,  
 dzrdczrc EE
** εε = .      (1.18) 
Furthermore, from the fact that the electric field in the x direction is the same on each side to fulfill 
the relation, rotE = 0, the following Eq. (1.19) can be estimated, 
 dxcx EE = .       (1.19) 
Moreover, the equation, 
 dxcx kk = ,       (1.20) 
can be obtained since the wave number in the x direction is also the same on each side. From Eqs. 
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(1.16) to (1.20), the following Eq. (1.21) can be derived,  
 dz
rd
rc
cz kk *
*
ε
ε−= .       (1.21) 
Furthermore, from Eqs. (1.12), (1.13), (1.20), and (1.21), kcx and kdx can be calculated as  
 **
**
rdrc
rdrc
dxcx c
kk εε
εεω
+±== .     (1.22) 
Here, since it is assumed that the light is propagating in the +x direction, Eq. (1.22) can be written as 
 **
**
rdrc
rdrc
dxcx c
kk εε
εεω
+== .     (1.23) 
By substituting Eq. (1.23) into Eq. (1.12), kcz can be calculated as 
 
**
*
rdrc
rc
cz c
k εε
εω
+
±= ,      (1.24) 
while kdz can be expressed from Eqs. (1.21) and (1.24) as, 
 
**
*
rdrc
rd
dz c
k εε
εω
+
= m .      (1.25) 
Here, it is assumed that material C is a transparent dielectric material with no optical loss. Thus, 
its relative permittivity and relative dielectric loss factor can be assumed as εrc’ > 1 and εrc” = 0, 
respectively, while material D is assumed to be a metal with εrd’ < 0 and εrd” ≠ 0. However, in order 
to utilize the effect of SP excitation to optical devices, the dielectric loss factor of the metal should 
be as small as possible in order to minimize the optical loss. From this viewpoint, noble metals such 
as Au and Ag with significantly low dielectric loss factors are often used to excite SP. Thus, for 
further calculations, εrd” = 0 is assumed to simplify discussion. Note that the SP occurring in this 
case is called “Fano mode” [2]. Using these assumptions, Eqs. (1.23) to (1.25) can be transformed 
into the following Eqs. (1.26) to (1.28), respectively, 
 
''
''
rdrc
rdrc
dxcx c
kk εε
εεω
+== ,      (1.26) 
 
''
'
rdrc
rc
cz c
k εε
εω
+±= ,      (1.27) 
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''
'
rdrc
rd
dz c
k εε
εω
+= m .      (1.28) 
Here, if εrc’ + εrd’ < 0, kcx and kdx are real, while kcz and kdz are imaginary. In this case, using Eqs. 
(1.26) to (1.28), Eqs. (1.9) and (1.10) can be transformed into the following Eqs. (1.29) and (1.30), 
respectively,  
 ( ) ⎪⎭
⎪⎬
⎫
⎪⎩
⎪⎨
⎧
+−⎟⎟⎠
⎞
⎜⎜⎝
⎛ −++= zctxciEE rdrc
rc
rdrc
rdrc
czcxc ''
'
''
''exp)( εε
εωωεε
εεω mkiE , (1.29) 
 ( ) ⎪⎭
⎪⎬
⎫
⎪⎩
⎪⎨
⎧
+−⎟⎟⎠
⎞
⎜⎜⎝
⎛ −++= zctxciEE rdrc
rd
rdrc
rdrc
dzdxd ''
'
''
''exp)( εε
εωωεε
εεω mkiE . (1.30) 
Here, εrc’ > 0 in dielectric material C where z > 0 and εrd’ < 0 in metal D where z < 0. Therefore, if 
we take the plus signs in Eqs. (1.29) and (1.30), the electric field increases exponentially with an 
increase in distance from the interface in both materials C and D. This never happens. Thus, Eqs. 
(1.29) and (1.30) can be expressed as the following Eqs. (1.31) and (1.32), respectively,  
 ( ) ⎪⎭
⎪⎬
⎫
⎪⎩
⎪⎨
⎧
+−−⎟⎟⎠
⎞
⎜⎜⎝
⎛ −++= zctxciEE rdrc
rc
rdrc
rdrc
czcxc ''
'
''
''exp)( εε
εωωεε
εεωkiE , (1.31) 
 ( ) ⎪⎭
⎪⎬
⎫
⎪⎩
⎪⎨
⎧
+−−⎟⎟⎠
⎞
⎜⎜⎝
⎛ −++= zctxciEE rdrc
rd
rdrc
rdrc
dzdxd ''
'
''
''exp)( εε
εωωεε
εεωkiE . (1.32) 
Here, as a typical example, the angular frequency of light ω is assumed to be 3 × 1015 (1/s), which 
corresponds to that of He-Ne laser light, while materials C and D are assumed to be SiO2 glass (εrc’ = 
1.5) and Au (εrd’ = –10), respectively. In this case, ( )''
'
rdrc
rc
c εε
εω
+−  and ( )''
'
rdrc
rd
c εε
εω
+−  
are calculated to be ~5.1 (1/µm) and ~34 (1/µm), respectively, which indicates that, on Eqs. (1.31) 
and (1.32), the light is localized in the z direction in the vicinity of the interface between the 
dielectric material C and metal D, while it propagates in the x direction. This is a typical feature of 
SP.  
Next, as shown in Fig. 1.2(b), it is assumed that P-polarized light incident on metal D at an 
incident angle θ from the material E is totally reflected at the interface. Here, material E is assumed 
to be a dielectric material with εre’ > 1 and εre” = 0. In this case, as mentioned in Section 1.2.1, an 
evanescent wave propagates in the x direction in metal D, while its electric field decays with an 
increase in distance from the interface between metal D and dielectric material E [4]. The wave 
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number of this evanescent wave in the x direction, referred to as kEx, is described using the equation, 
 θεω sin'reEx ck = .      (1.33) 
If metal D is so thin that the evanescent wave can reach the interface between dielectric material C 
and metal D and if kEx = kcx is satisfied, SP is excited at this interface. Thus, from Eqs. (1.26) and 
(1.33), θ at kEx = kcx, referred to as θsp, can be expressed by the following Eq. (1.34),  
 ⎟⎟⎠
⎞
⎜⎜⎝
⎛
+=
−
''
'
'
'sin 1
rdrc
rd
re
rc
sp εε
ε
ε
εθ ,     (1.34) 
which represents the incident angle of light coming to the interface between metal D and dielectric 
material E, at which the SP is excited. Here, as mentioned in relation to Eqs. (1.31) and (1.32), εrc’ + 
εrd’ < 0, εrc’ > 0, and εrd’ < 0. Therefore,  
 1
''
' >+ rdrc
rd
εε
ε
.       (1.35) 
Namely, θsp in Eq. (1.34) can be real, only when εre’ is large enough to satisfy the relation, 
 1
''
'
'
' >+> rdrc
rd
rc
re
εε
ε
ε
ε
.      (1.36) 
Thus, substances with high permittivities are frequently employed as material E.  
From the above-mentioned discussion, conditions to excite SP are summarized as follows: (i) εrc’ 
+ εrd’ < 0. (ii) Metal D is thin enough for the evanescent wave induced by the total internal reflection 
of light at the interface between metal D and dielectric material E to reach the interface. (iii) εre’ is 
large enough to satisfy the inequality (1.36).  
Here, if the angular frequency or wavelength of the incident light as well as the permittivities of 
metal D and dielectric material E is known, εrc’ is a sole variable in Eq. (1.34). This in turn indicates 
that εrc’ can be estimated if we measure the incident angle θsp of light in a system made of known 
substances D and E. If a certain dielectric material C is attached on the surface of metal D, the 
incident angle θsp will be changed. Therefore, by measuring θsp, the permittivity εrc’ is known. This 
can be used to detect the attachment of substance C.  
Figure 1.3 shows optical reflection spectra of the substrate composed of an SF-10 glass substrate 
used as dielectric material E, a 45-nm-thick Au film used as metal D, and a 1-nm-thick Cr film used 
as an adhesive layer between the SF-10 glass and Au [13]. The spectra were obtained before and 
after block copolymer consisting of poly(ethylene glycol) and poly(propylene sulphide) used as 
dielectric material C was attached on the surface of the Au film [13]. It is clearly shown that the dip 
induced by the SP excitation shifts toward a higher incident angle by the attachment of copolymer to 
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the Au film surface.  
 
1.2.3 Localized Surface Plasmon Resonance 
In addition to film-shaped metals described in Section 1.2.2, SP can be excited in NP-like metals. 
The SP resonance induced in metal NPs is called “localized surface plasmon (LSP) resonance”, in 
distinction from the SP resonance that occurs in a metal film [1–3]. Its principle can be explained as 
follows. As shown in Fig. 1.4(a), a spherical metal NP, referred to as F, with a radius r is assumed to 
be present in a dielectric material called G [12]. Here, the relative complex permittivity of metal NP 
is expressed as εrf* = εrf’ − iεrf”, while the relative permittivity and relative dielectric loss factor of 
dielectric material G are given as εrg’ and zero, respectively. An external electric field E0 would be 
applied uniformly if light with a wavelength much longer than the diameter of metal NP F is 
illuminated to this system. In this case, free electrons in the metal NP are moved by the electric field 
E0 to induce a uniform dielectric polarization vector P as shown in Fig. 1.4(a). The electric field 
outside the metal NP is calculable by assuming a dipole moment M,  
 PM
3
4 3rπ= ,       (1.37) 
instead of the metal NP F at the original center position of F surrounded by a medium with the 
relative permittivity of εrg’, as shown in Fig. 1.4(b), and by adding E0 and the electric field induced 
by M.  
If we take the origin of coordinates at the center of NP F, the electric field induced by the dipole 
moment M in the r and θ directions at the point (r,θ), referred to as Egr and Egθ respectively, can be 
written as  
 3
0 '2
cos
r
ME
rg
gr επε
θ= ,      (1.38) 
 3
0 '4
sin
r
ME
rg
g επε
θ
θ = .      (1.39) 
Thus, the dielectric flux density in a direction normal to the NP surface and the electric field in a 
direction tangential to the NP surface, referred to as Dgn and Egt respectively, can be calculated as 
 300 2
coscos'
r
MED rggn π
θθεε += ,     (1.40) 
 3
0
0 '4
sinsin
r
MEE
rg
gt επε
θθ +−= .     (1.41) 
On the other hand, the electric field Ei in metal NP F becomes uniform as shown in Fig. 1.4(c). 
Therefore, at the point (r,θ) in the NP, the dielectric flux density in a direction normal to the surface 
and the electric field in a direction tangential to the surface can be expressed as 
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 θεε cos*0 irffn ED = ,      (1.42) 
 θsinift EE −= .       (1.43) 
Moreover, using relations Dfn = Dgn and Eft = Egt, which are derived from divD = 0 and rotE = 0 
respectively, the following equation 
 0* '2
'3
EE
rgrf
rg
i εε
ε
+= ,      (1.44) 
is obtained. Since the dielectric polarization P is expressible as 
 irf EP )1(
*
0 −= εε ,      (1.45) 
the following Eq. (1.46) can be obtained by substituting Eq. (1.44) into Eq. (1.45),  
 0*
*
0
'2
)1('3
EP
rgrf
rfrg
εε
εεε
+
−= .      (1.46) 
Here, assuming that the dielectric loss factor of metal NP F is zero, namely, εrf* = εrf’, similarly to the 
assumption in Section 1.2.2, Eq. (1.46) is transformed into 
 0
0
'2'
)1'('3
EP
rgrf
rfrg
εε
εεε
+
−= ,      (1.47) 
which indicates that the dielectric polarization P diverges if εrf’ = –2εrg’, and this is a necessary 
condition to excite LSP. In this case, the incident light is localized in metal NPs and in their vicinities 
and does not propagate in space, since the electric field is enhanced due to the dielectric polarization 
of NPs [2,3,14].  
In addition, an LSP excitation wavelength can be estimated from the above equations. The relative 
permittivity εrf’ of metal NP F illuminated by light with a wavelength λ can be calculated as  
 2
2
'
p
rf λ
λεε −= ∞ ,       (1.48) 
from the kinetic equation of a free electron in a metal on the condition that the damping effect is 
negligible [5]. In Eq. (1.48), ε∞ and λp are the high frequency permittivity of metal NP F and plasma 
wavelength given in Section 1.2.2, respectively. Since εrf’ = –2εrg’ as mentioned above when LSP is 
excited, the LSP excitation wavelength λL can be obtained from Eq. (1.48) as [8,9] 
 '2 rgpL εελλ += ∞ ,      (1.49) 
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which indicates that λL depends on εrg’.  
In order to estimate LSP excitation wavelengths for Au NPs surrounded by various liquids, 
Okamoto and co-workers measured light absorption of a cell with monolayered Au nanoparticles on 
the sidewall, as shown in Fig. 1.5(a), and obtained the spectra shown in Fig. 1.5(b) [15]. The peak 
wavelength, which corresponds to the LSP excitation wavelength, shifts clearly toward a longer 
wavelength with an increase in refractive index or permittivity of the surrounding liquid. Namely, 
using metal NPs, the permittivity change induced by the attachment of a substance to the surfaces of 
metal NPs can be detected, which is applicable to detecting devices such as biomolecular sensors. 
Note that the absorbance peak height increases with an increase in refractive index around the Au 
NPs as shown in Fig. 1.5(b). This is due to the fact that the extinction cross section becomes larger 
as the refractive index increases [8,9].  
 
1.2.4 Applications of Optical Near-fields  
The near-field optical phenomena explained in Sections 1.2.1 to 1.2.3 can be applied to various 
devices. In this section, several examples are described.  
 
· Sensors 
As mentioned in Sections 1.2.2 and 1.2.3, the change in permittivity of a substance on metal NPs 
can be detected using the SP resonance and LSP resonance. This is applicable to sensors to detect the 
presence of substances such as biomolecules [16–21] and gases [22,23]. In recent years, aiming at 
more highly sensitive sensing, sensors utilizing the electric field simultaneously enhanced by the 
LSP excitation as well as by the SP excitation have been proposed [24], while sensors utilizing SP 
[25] or LSP [26] excited by the light with electric field that was enhanced while propagating in an 
optical waveguide, have also been reported. In relation to the above, fabrication of a new plasmonic 
structure with a three-dimensional distribution of Au NPs embedded into nanopores formed on SiO2 
glass and its applicability will be described in Chapter 3. Furthermore, a waveguide-mode sensor has 
been attracted much attention recently, since its sensitivity is a few times or several ten times as high 
as that of a usual SP resonance sensor [27–31]. In this regard, a waveguide-mode sensor can be in 
principle used for shape estimation of metal nanostructures. This application will be shown in 
Chapter 6. 
 
· High-performance Photocatalysts, Solar Cells, Lasers, and Light-emitting Diodes  
When SP or LSP is excited, the electric field intensity is enhanced by a factor of several tens 
compared to that of the incident light in the vicinities of metal surfaces [2]. There have been several 
papers reporting that high-performance optical devices can be realized using the electric field 
enhancement. Awazu and co-workers have reported that the photocatalytic activity of anatase TiO2 
  
 
11
films [32] can be enhanced by a factor of five, by utilizing the electric field enhanced in the TiO2 
films by the LSP excitation induced around Ag NPs embedded in the TiO2 [33]. Similarly, 
improvement in photoelectric conversion efficiency has also been reported for polymer solar cells by 
the use of the electric field enhancement around Ag NPs [34]. Furthermore, the electric field 
enhancement can also increase the output of a vertical-cavity surface-emitting laser [35] and a 
light-emitting diode [36]. In regard to the above, fabrication of Ag NPs coated with thin-protective 
SiO2 glass films, aiming at applications to photocatalysts, will be described in Chapters 4 and 5.  
 
· Other Applications 
Optical near-fields are, as a matter of course, applicable to various other devices. For example, 
Raman scattering can be enhanced if the electric field is enhanced by LSP, which is called 
“surface-enhanced Raman scattering” [37–42]. Optical near-fields can also be applied to a 
microscope to observe a substance with a size smaller than the one limited by the diffraction [43,44]. 
Namely, in a microscope called scanning near-field optical microscope, optical near-field is localized 
in a small region by illuminating light to a small aperture with a diameter of several ten nm formed 
in metal or to a sharp metal needle with a curvature of several ten nm. When the optical near-field is 
very close to a target substance, it is scattered depending on the surface shape of the substance. Thus, 
by measuring scattering properties, an extremely small region can be observed.  
Moreover, utilization of optical near-fields has been rapidly expanding to many other applications 
or devices such as a plasmonic waveguide in which SP propagates along Ag NPs aligned 
one-dimensionally and periodically [45], lithography utilizing optical near-fields induced by LSP 
excitation [46], and estimation of particle diameters utilizing the shape-dependent strong scattering 
of optical near-fields by the particles upon the total internal reflection [47].  
 
1.3 Fabrication of Micro- and Nano-structures 
To realize devices utilizing optical near-fields, it is necessary to form micro- and nano-structured 
metals and insulators so that the SP or LSP resonance or the evanescent wave resulting from the total 
internal reflection of light may be induced. In this section, advanced methods employed in the 
present research to fabricate these structures are described.  
 
1.3.1 Swift-heavy-ion Beam Lithography 
To fabricate materials in the order of µm or nm, a combination of lithography and reactive ion 
etching (RIE) is often used due to ease of handling [48–51]. In this method, first, aperture patterns 
are formed in a photoresist film on a certain material by lithography. Then, the material is etched by 
being exposed to a corrosive gas through a patterned photoresist mask. As a result, desirable 
concavo-convex shapes can be transcribed on the surface of the material.  
  
 
12
However, since corrosive gases are used for the etching, it is inevitable that sidewalls of fabricated 
trenches become bumpy. Figure 1.6 shows a scanning electron microscopy (SEM) image of a 
soda-lime glass surface etched by the above-mentioned procedure [48], while Fig. 1.7 shows an 
SEM image obtained after a TiO2 film on a Si substrate was etched by a similar one [49]. The etched 
surfaces shown in these figures are not smooth. Furthermore, solid state residues are generated 
during RIE of certain materials. For example, RIE cannot be used to fabricate Er-doped optical 
waveguides for optical amplification [52], since reactions between fluorine-containing gases and Er 
yield ErF3, which is solid at room temperature [53]. 
In order to overcome these problems, a novel fabrication method called “latent-track etching” has 
been proposed [54–58]. If heavy ions with a high acceleration energy in the order of MeV are 
implanted on materials, cylindrical damages, called “latent tracks”, with diameters of a few nm and 
depths of a few µm are generated; one for each ion. For example, the etching rate of latent tracks in 
SiO2 glass by immersion in hydrofluoric acid is around five times as high as that of nonirradiated 
regions [54]. Namely, micro- and nano-structures can be fabricated by utilizing the difference in 
etching rate between latent tracks and nonirradiated regions.  
Figure 1.8 shows a surface SEM image of SiO2 glass observed after the irradiation of 33-MeV Se 
ions and subsequent etching of latent tracks [54], while Fig. 1.9 shows a cross sectional SEM image 
of polyimide obtained after immersion in an aqueous solution of sodium hypochlorite following the 
irradiation of 13-MeV/u Au ions [55]. Figures 1.8 and 1.9 show that sidewall surfaces formed by the 
latent track etching are smooth, compared to those obtained by RIE shown in Figs. 1.6 and 1.7. 
Furthermore, it seems that no residues remain on the surfaces, probably because the residues 
generated should have been flown away into a solution.  
As the latent-track formation mechanism, two models have been proposed. The thermal spike 
model [59] assumes that the temperature at the ion-irradiated region increases above the melting 
point instantly due to interactions between phonons and hot electrons resulting from energetic ions 
[60], and then it goes down quickly to room temperature. Figure 1.10 shows the lattice temperature 
of quartz hit by a 3.4-MeV/u Kr ion, which was derived by this model, as a function of the time 
elapsed from the ion collision [61]. Note that spectra (a), (b), (c), and (d) correspond lattice 
temperatures at points 1.0, 3.0, 4.5, and 8.0 nm away from the ion path, respectively, and that Tm 
represents the melting point of quartz. Spectra (a) and (b) indicate that the lattice temperature 
immediately reaches the melting point within 4 × 10–14 s, while it falls to room temperature in only 
~3 × 10–10 s. Namely, the thermal spike model assumes that latent tracks are formed since the 
structural change induced by the temperature increase above the melting point remains after the 
subsequent rapid quench. On the other hand, the ionic spike model assumes that structural changes 
occur due to the Coulombic repulsion between positive charges induced by the irradiated ions [62]. 
Note that the thermal spike model is more widely accepted recently, since calculated results agree 
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well with experimental ones [61,63–67]. 
In regard to the above, the threshold to form latent tracks on a rutile TiO2 single crystal by 
swift-heavy-ion irradiation will be discussed in Chapter 2 using theoretical calculations of energy 
deposited to electrons. Two-dimensional patters of holes on the surface of TiO2 microscopically 
fabricated by irradiation of 120-MeV Br ions and subsequent etching of latent tracks in a 
hydrofluoric acid solution will be also demonstrated in Chapter 2. As a further development of the 
contents in Chapter 2, sizes of the latent tracks formed in SiO2 glass by swift-heavy-ion irradiation 
will be discussed in Chapter 3 using a lattice-temperature simulation based on the thermal spike 
model. Moreover, nanopore formation by etching of latent tracks through exposure to hydrofluoric 
acid vapor will be demonstrated in Chapter 3 in order to show that this method is useful for 
nanofabrication of high-aspect-ratio nanopores in insulators.  
 
1.3.2 Chemical Synthesis in a Solution 
Metal NPs have been attracting much attention recently, since light can be localized in a small 
region beyond the diffraction limit by the LSP resonance mentioned in Section 1.2.3. One method to 
fabricate metal NPs is physical fabrication such as a combination of the lithography and RIE 
mentioned in Section 1.3.1. However, it is quite difficult to form small NPs with diameters around 
10 nm by such a physical method. Thus, reduction of metal ions in a solution is frequently employed 
to solve this problem [68–72]. The NPs with diameters below 10 nm can be obtained easily by this 
method, although they cannot be aligned at a desirable position. As a typical example, Fig. 1.11 is a 
transmission electron microscopy (TEM) image of quite small Au NPs with an average diameter of 
5.5 nm, fabricated by the reduction of Au ions [68]. Thus, a chemical synthesis is attractive since it 
can break the fabrication limit of a physical method.  
When NPs are coated with a film using a physical method, the film thickness tends to be 
inhomogeneous since deposition occurs only one-dimensionally [33]. On the other hand, a film with 
a homogenous thickness can be obtained by chemical synthesis in a solution. Therefore, it is suitable 
for coating of a film around NPs [7,73–81]. Figure 1.12 shows a TEM image of Au NPs coated with 
block copolymer consisting of polystyrene and acrylic acid by chemical synthesis in a solution [73]. 
It is clearly shown that films with a homogenous thickness are coated around the Au NPs.  
In relation to the above, fabrication of Ag NPs using reduction of metal ions in a solution and 
coating of a protective SiO2-glass film around the NPs will be mentioned in Chapter 4. Further, 
influences of solution conductivity upon aggregation of the SiO2-glass coated Ag NPs will be 
analyzed and the condition to realize no aggregation will be discussed based on the analysis in 
Chapter 5.  
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Fig. 1.1.  Schematic drawing showing an evanescent wave induced by the total internal reflection of 
light incident on material A with the incident angle θb from material B.  
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Fig. 1.2.  Schematic drawing of three layers, composed of materials C, D, and E, to estimate the 
condition of SP excitation. (a) Wavevectors of P-polarized light propagating in materials C and D. 
(b) An evanescent wave induced by the total internal reflection of P-polarized light incident on metal 
D from material E.  
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Fig. 1.3.  Comparison of the optical reflection spectra of a 45-nm-thick Au film on an SF-10 glass 
substrate with a 1-nm-thick Cr adhesive layer, before and after block copolymer consisting of 
poly(ethylene glycol) and poly(propylene sulphide) was attached on the surface of the Au film. 
(After Ref. 13)  
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Fig. 1.4.  Schematic drawing showing a spherical metal NP called F in a dielectric G. (a) 
Polarization P induced in F by an external electric field E0. (b) Dipole moment M equivalent to P 
and its electric field components Egr and Egθ to estimate the electric field outside the metal F. (c) 
Electric field Ei inside the metal F.  
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Fig. 1.5.  (a) Schematic drawing of Au NPs in liquid in a cell to estimate LSP excitation 
wavelengths. (b) Examples of spectra obtained using the system shown in (a). (After Ref. 15)  
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Fig. 1.6.  A surface SEM image of a soda-lime glass etched by the combination of lithography and 
RIE. (After Ref. 48)  
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Fig. 1.7.  An SEM image of a TiO2 film on a Si substrate etched by the combination of lithography 
and RIE. (After Ref. 49)  
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Fig. 1.8.  An SEM image of SiO2 glass obtained after the irradiation of 33-MeV Se ions and 
subsequent etching of latent tracks by 48% hydrofluoric acid. (After Ref. 54)  
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Fig. 1.9.  A cross sectional SEM image of polyimide obtained after the irradiation of 13-MeV/u Au 
ions and subsequent etching of latent tracks through immersion in an aqueous solution of sodium 
hypochlorite. Note that “u” in “MeV/u” means “atomic mass unit”. (After Ref. 55) 
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Fig. 1.10.  Lattice temperature of quartz hit by a 3.4-MeV/u Kr ion, derived based on the thermal 
spike model as a function of the time elapsed from the ion collision. Spectra (a), (b), (c), and (d) 
correspond lattice temperatures at points 1.0, 3.0, 4.5, and 8.0 nm away from the ion path, 
respectively. Tm and Tv represent the melting point and boiling point of quartz, respectively. (After 
Ref. 61)  
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Fig. 1.11.  A TEM image of Au NPs with an average diameter of 5.5 ± 0.6 nm, fabricated by the 
reduction of Au ions in a solution. (After Ref. 68)  
100 nm
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Fig. 1.12.  A TEM image of Au NPs coated with block copolymer consisting of polystyrene and 
acrylic acid by chemical synthesis in a solution. (After Ref. 73) 
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–Chapter 2– Structural Changes Induced in TiO2 by Swift Heavy Ions and Its Applications to 
Three-dimensional Lithography 
 
Abstract 
A rutile TiO2 single crystal was irradiated by heavy ions with a high energy of the order of several 
tens of MeV. A good etching selectivity, where only the irradiated surface is well etched by 
hydrofluoric acid, is induced by the irradiation. Through x-ray diffraction and high-resolution 
electron microscopy, it became clear that the crystallinity became worse in the ion-irradiated region. 
It is considered that this amorphous region and the surrounding region are dissolved in hydrofluoric 
acid. Through the calculation of the ion energy, it was found that the etching always stopped at the 
depth where the electronic stopping power of the ion decayed to a critical value of 6.2 keV/nm, 
regardless of the ion species in the case of I, Br, Cu, and Ti ions. However, in the case of Ca ions 
with energies higher than about 72 MeV or Cl ions with energies higher than about 77 MeV, the 
irradiated top surface was not etched with hydrofluoric acid, but the inside surface several µm deep 
from the irradiated surface was etched. A calculation shows that the critical factor which determines 
whether the irradiated surface can be etched or not is the lateral energy density on the surface 
deposited by ions. The etched surface observed by atomic force microscopy is very smooth with a 
roughness of the order of nm. Therefore, a combination of ion irradiation and etching can be used as 
a novel fabrication method of nanostructures in rutile. 
 
2.1 Introduction 
Titanium dioxide (TiO2), which has three crystalline polymorphs—rutile, anatase, and 
brookite—is attracting much attention due to its versatile application possibilities, such as 
semiconductor-electrolyte interfaces for photocatalysts [1–3] and solar cells [4,5]. Rutile TiO2 single 
crystal, hereafter abbreviated as rutile, with a large birefringence and an excellent chemical 
resistance has wide potentialities in the fields of integrated optics and photonic devices. Titanium 
dioxide with a low optical loss at wavelengths in the vicinity of 1.5 µm can be used as a dopant for a 
planar optical waveguide for optical communication [6–9]. Amorphous TiO2 with optical band gap 
at 3 eV is also available as a coating material for a window of Hg and Xe arc lamps [10].  
A new paradigm emerged in the past decade, in which the band-structure concept of solid-state 
physics is applied to radio [11], microwave [12], and optical waves [13]. This has led to the 
invention of photonic crystal structures in two or three dimensions [14], which can be applied for 
outstanding optical devices for controlling electromagnetic waves such as a superprism [15,16], 
sharp-bend optical waveguide [17], and high-Q cavity [18]. Among numerous possible materials for 
photonic devices, semiconductors such as Si, GaAs, and InP have been most examined because of 
the abundant knowledge of microfabrication [19,20]. However, their refractive index values—e.g., 
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3.5 for Si—are higher than 1.45 for SiO2 [21,22], resulting in a high connection loss between the 
photonic crystal and SiO2-based optical waveguide. Their band gaps are too small to make photonic 
crystals for visible light. Compared to these materials, the refractive index of rutile—2.4 
perpendicular to the c axis or 2.7 parallel [23]—is close to SiO2. Furthermore, its band gap is as wide 
as 3.0 eV [10] and its optical transmission loss is 10 times lower than that of Si at wavelengths near 
1.5 µm [24]. For these reasons, rutile TiO2 has a high potentiality for a photonic crystal.  
In order to use rutile for integrated optics, photonic devices, and photonic crystals, a proper micro- 
or nano-fabrication process must be developed. Reactive ion etching cannot be used, since the 
fabricated side wall is not smooth enough to be used for photonic devices [25,26] such as an arrayed 
waveguide grating. Furthermore, a proper etching gas for rutile is not known. Although the sol-gel 
method [27,28] was used to fabricate an artificial opal structure of TiO2 [29], shrinkage and cracking 
of the gel are unavoidable.  
Since 2000, examples of nanofabrication using swift heavy ions have been reported [30]. When a 
swift heavy ion passes through most insulators, its energy is reduced while creating a heavily 
damaged zone along its path. The damaged zone can be made visible by chemical etching: thus the 
ion path and visible track are called the “latent track” and “etched track”, respectively. In many solid 
materials such as amorphous SiO2, generation of etched tracks has been reported [30]. The sidewall 
of the etched track is very flat with a roughness of only a few nm [30]. Most of the earlier studies on 
that are concerned with identification of both particle species and their energy by observation of the 
etched track diameter, made possible by the chemical etch rate along a particle track dependent on 
projectile mass [31]. Other studies have focused on the very early stages of track formation and how 
excited electrons transfer energy to the network. The thermal spike model [32] is one of the most 
widely accepted theories for describing how ion energy is transferred rapidly and locally, 
introducing extremely high temperatures along the ion path. However, the model gives little 
information on the structure of the latent track and on the atomic mechanism underlying the 
enhanced etch rate of the latent track. In the present study, it is attempted to improve our 
understanding of these latter issues by approaching the problem from different angles, correlating the 
changes of x-ray diffraction (XRD), atomic force microscopy (AFM), SEM, and high-resolution 
transmission electron microscopy (HREM). Rutile TiO2 single crystal was chosen to examine the 
defects generated in the particle tracks in order to develop three-dimensional fabrication with nm 
flatness, yet the structure of the latent track and the mechanism underlying the generation of latent 
tracks in these materials have not been investigated. The threshold ion energy necessary for 
fabrication is also discussed. 
 
2.2 Experimental Procedures 
The samples used in the present experiment are rutile TiO2 single crystals (purity > 99.99%, 
  
 
32
density 4.25 g/cm3) synthesized by the Verneuil flame-fusion method. For most experiments, 
crystals with (100) faces were used, while those with (111) and (001) faces were also used to 
examine the effect of crystal orientation. Unless otherwise stated, the results obtained for the (100) 
crystal will be described. The samples were cut into plates 500 µm thick and polished. The 
root-mean-square roughness of the polished surface estimated by AFM is less than 0.8 nm.  
Ion irradiation using a 12-MV tandem accelerator at the Tandem Accelerator Complex, University 
of Tsukuba (UTTAC) was performed at room temperature in a vacuum with a residual pressure 
below 1 × 10–3 Pa. The ions were irradiated to the sample either directly or through a free-standing 
Al or Au foil in order to diffuse them and to lower their energy. The structural change induced by 
ion irradiation was examined by XRD with a Rigaku FR-MDG spectrometer. The sample surface 
was observed by SEM, Hitachi S-2500CX and HREM, Hitachi H-9000NAR in addition to AFM. 
Chemical etching was performed with a hydrofluoric acid solution of 20% at room temperature. 
 
2.3 Results 
First, the etching rate of the rutile (100) crystal that had not been irradiated by ions was measured. 
Half of the rutile surface was covered with polytetrafluoroethylene tape and was etched with the 
hydrofluoric acid solution for seven days. No step was found by a profilometer with a resolution of 
several nm between the covered and noncovered regions, which means that rutile is not etched by 
hydrofluoric acid.  
Figure 2.1(a) shows an AFM image of the rutile surface irradiated by Br ions with an energy of 
120 MeV to a fluence of 8.0 × 1013 cm–2 through a 13-µm-thick Au stencil mask with a 
two-dimensional array pattern of square-shaped holes of 32 × 32 µm2. An SEM image of the Au 
mask is also shown in Fig. 2.1(b). It is observed that the irradiated parts swelled due to expansion of 
the volume. The height of the step induced by the swelling increases with an increase in the 
irradiated fluence until it reaches a saturation value H shown in Table 2.1. Part of the surface of 
another rutile sample was covered by a clearly cut Si single-crystal wafer and irradiated by 110-MeV 
Cu ions to a fluence of 8.0 × 1013 cm–2. Figure 2.2(a) shows an SEM image of the surface after being 
soaked in the hydrofluoric acid solution for 40 min. A clear 8.1-µm step with a very smooth sidewall 
can be seen between the irradiated and nonirradiated regions. The bottom surface of the irradiated 
region also looks very smooth. This smoothness is more clearly manifested by its AFM image shown 
in Fig. 2.2(b), where the maximum observable roughness is 2.5 nm.  
The rutile (100) crystals were irradiated by Cu ions with an energy of 84.5 MeV to a fluence of 
either 7.0 × 1012, 1.0 × 1013, or 5.0 × 1013 cm–2, and then etched with the hydrofluoric acid solution. 
Figure 2.3(a) shows the etched depth D as a function of the etching time. The kinked solid line 
represents the result of a least-squares fit to the data for the sample irradiated to a fluence of 5.0 × 
1013 cm–2. That the values of D start with negative values corresponds to the volume expansion 
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caused by irradiation. The D value increases linearly to a saturation value De of about 5.4 µm for the 
case of 1.0 × 1013 cm–2 and 6.4 µm for 5.0 × 1013 cm–2. The dependence of D on the etching time 
was also examined for the (111) and (001) crystals irradiated by Cu ions to a fluence of 5.0 × 1013 
cm–2, and the result is shown in Fig. 2.3(b). A similar increase in D is seen, although De may depend 
on the surface orientation. Note that the reason of the small difference in D value for the (100) 
crystal between Figs. 2.3(a) and (b) is that the experiment was repeated to confirm the 
reproducibility.  
As shown in Fig. 2.3(a), De depends on the irradiation fluence. Figure 2.4 shows the change in De 
as a function of the irradiation fluence of 84.5-MeV Cu ions. It can be seen that etching becomes 
possible at fluences higher than 5 × 1012 cm–2 and that De becomes saturated at Ds when the fluence 
exceeds a critical value of about 2 × 1013 cm–2. The values of Ds observed for various ions with 
different energies are summarized in the rightmost column in Table 2.1. The value of Ds is always 
around 10 times higher than H, which strongly indicates that the structural change through which the 
etching becomes possible is closely related to the volume expansion.  
Figure 2.5 shows XRD spectra of the (100) rutile irradiated by the 84.5-MeV Cu ions. Spectrum 
(i) is for the nonirradiated sample. Two peaks at 39.2° and 84.3°, to be assigned to the (200) and 
(400) planes, are seen. Curves (ii), (iii), (iv), and (v) are the spectra obtained in the samples after 
having been irradiated to respective fluences of 1.0 × 1012, 3.0 × 1012, 7.0 × 1012, and 5.0 × 1013 cm–2, 
while curve (vi) is the one after the sample used to obtain curve (iii) was etched in the hydrofluoric 
acid solution for 30 min. The two XRD peaks become smaller by the ion irradiation. Besides them, 
new peaks appear at 38.3° and 82.5° in spectrum (iii). They become smaller and move to smaller 
angles as the irradiation fluence increases, and finally disappear in spectrum (v).  
In order to observe separate individual latent tracks, the rutile was irradiated by 84.5-MeV Cu ions 
to a low fluence of 1.0 × 1010 cm–2 and was observed by HREM. Two white spots located near the 
upper-left and lower-right corners in Fig. 2.6(a) are latent tracks. Another HREM image with a 
larger magnification shown in Fig. 2.6(b) indicates that the latent tracks is of a circular shape with a 
radius of 0.9 ± 0.2 nm and is surrounded by a dark region with a radius of about 1.8 nm.  
Figure 2.7 shows the electronic stopping power Se calculated by the SRIM 98 code [33] as a 
function of depth from the sample surface. The solid circle on each curve is plotted so that its value 
on the x axis corresponds to the value of Ds summarized in Table 2.1. The dotted curves in Fig. 2.7 
imply the regions where etching was observed, while solid curves imply the nonetched regions. It is 
easily seen that Ds is smaller than the depth at Se = 0, where ions are to stop. An important fact is 
that all the Ds values or the solid circles lie nearly on the solid horizontal line representing the 
positions where the electronic stopping power becomes 6.2 keV/nm irrespective of the ion species 
and acceleration energy. It is considered that a threshold electronic stopping power of 6.2 keV/nm is 
necessary for the ions to make the rutile structure suitable for etching.  
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The validity of the threshold electronic stopping power is further examined for different ions. As a 
first step, Ca ions with various energies were irradiated on the rutile crystals to a fluence of 8.0 × 
1013 cm–2. Then, they were examined by XRD and were etched in the hydrofluoric acid solution. 
Figure 2.8 shows the obtained XRD spectra for the nonirradiated crystal (a) and for the irradiated 
crystals at energies of 15.3 MeV (b), 31.9 MeV (c), 50.8 MeV (d), 72.3 MeV (e), and 82.0 MeV (f). 
Both the intensity of the 39.2° peak and that of the 84.3° peak decrease until 50.8 MeV and then 
return to their original values. As a surprising result, it was found that the sample surface irradiated 
by either the 15.3-MeV, 31.9-MeV, or 50.8-MeV ions was etched, while the one irradiated by the 
72.3-MeV or 82.0-MeV ions was not.  
Furthermore, another surprising result was obtained. Namely, after the crystals were irradiated by 
the Ca ions with various energies to a fluence of 8.0 × 1013 cm–2, they were cut perpendicularly to 
the surface and immersed in the hydrofluoric acid solution. Figure 2.9 shows a typical 
cross-sectional SEM image taken for the sample irradiated by the 72.3-MeV ions. The position of 
the irradiated top surface and the direction of ions are indicated by arrows. The top surface was not 
etched, while an inside gap or a vacant hollow was created by etching about 4 µm below the surface. 
Similar inside gaps were always observed if the energy of Ca ions was higher than 72.3 MeV, and 
the position of the gap became deeper as the energy increased. For example, when the energy was 
82.0 MeV, the gap was seen at depths between 5.4 and 7.7 µm from the top surface. Figure 2.10 
shows the electronic stopping power Se as a function of the depth. The dotted portion of each curve 
shows the depths where the hollow etching was made. Similar hollow etching was also observed in 
rutile irradiated by Cl ions with energies of 77.0 MeV and higher to a fluence of 1.0 × 1015 cm–2. 
 
2.4 Discussion 
As shown in Fig. 2.5, the XRD peaks at 39.2° and 84.3° due to the rutile crystal structure decrease 
and move to smaller angles by the ion irradiation. According to the Bragg law, peaks at smaller 
angles are due to a structure with larger lattice constants. Therefore, it is clear that the irradiated 
layer of the sample became amorphous and increased its volume as evidenced by H shown in Table 
2.1. Since rutile has the largest density among TiO2 polymorphs, it is reasonable that the volume 
expands as the structure becomes amorphous. As shown by a comparison of spectra (i)–(v) in Fig. 
2.5, the intensities of the crystal peaks scarcely change when the fluence exceeds 3.0 × 1012 cm–2. 
Since the penetration depth of x rays for XRD is much deeper than that of ions [34], the crystal 
peaks in curves (iii)–(v) are considered to come from the undamaged rutile beyond the ion 
penetration depth. Therefore, it was assumed that the samples shown in (iii)–(v) became completely 
amorphous after having undergone a partly amorphous state. The surrounding dark region in the 
HREM lattice image in Fig. 2.6 corresponds to the region where the lattice constant becomes larger.  
In order to examine whether the etched region is limited to the amorphous region or covers the 
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surrounding region, the following calculations were performed. In general, the ratio F of the area 
affected by the ion irradiation to the whole sample surface is known to be expressed by the equation  
F = 1 – exp(–Aφ),       (2.1) 
where A is the area affected by the passage of a single ion and φ is the total ion fluence [35]. If only 
the amorphous region is regarded as the affected area, A is estimated from Fig. 2.6 to be π × 0.92 nm2 
for the 84.5-MeV Cu ion. The solid curve in Fig. 2.11 shows the change in F as a function of φ for 
the 84.5-MeV Cu ions. If F represents the ratio of the area which can be etched, this result indicates 
that a fluence higher than about 3 × 1014 cm–2 is needed for the amorphous region to cover the whole 
sample surface. This fluence is more than one order of magnitude higher than the fluence at which 
the etching started. If a similar calculation is made for the area including the surrounding region with 
a radius of 1.8 nm, the dashed curve in Fig. 2.11 is obtained. It is indicated that the region to be 
etched covers about 50% of the sample surface at the irradiation fluence of 7.0 × 1012 cm–2, where 
the surface etching was really observed in Fig. 2.4. From these calculations, it is highly probable that 
the surrounding region as well as the amorphous region can be etched by the hydrofluoric acid 
solution. The fact that the XRD peaks ascribed to the surrounding region also disappear by etching 
as clearly shown by a comparison between the curves (iii) and (v) in Fig. 2.5 is in a good agreement 
with the above assumption. The fact that the etching rate for the fluence of 7.0 × 1012 cm–2 is widely 
scattered and is slower than that for higher fluences as shown in Fig. 2.3(a) is also explained by the 
dotted curve in Fig. 2.11, which indicates that the etching becomes possible at fluences of the order 
of 1012 cm–2.  
Next, the mechanism of the inside hollow etching shown in Fig. 2.9 is discussed. Figure 2.10 
indicates that the hollow etching is not simply understandable by Se. It has been reported that a 
slower electron deposits a higher energy density to the target surface than a faster electron [36]. It 
has been also reported that a faster ion makes a smaller latent track than a slower ion with the same 
Se [37]. These reports indicate that the velocity of electrons or ions is another factor besides Se to 
decide the deposited energy and the radius of latent tracks. A semiempirical equation based on the 
Rutherford formula, in which the ion velocity is taken into account, has been developed to calculate 
the radial distribution of energy deposited on the sample surface around the path of ions [38]. Figure 
2.12 shows calculation results of the radial distribution of energy deposited on a rutile surface 
around the path of ions as a function of the distance (or radius) from the ion incident point, obtained 
by assuming the same ion species and energies as those used in the present experiment. Solid curves 
with roman letters represent the conditions where the rutile surface was etched, while dotted curves 
with italics represent those where the inside was etched. All the solid curves lie above the dotted 
ones irrespective of the ion species and energy, which indicates that the energy deposited on the 
surface by incident ions is a more critical factor to determine whether the irradiated rutile can be 
etched or not.  
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Last, applications of the phenomena obtained in the present research are discussed. The sample to 
which the 120-MeV Br ions were irradiated through the two-dimensional pattern of holes, of which 
AFM image is shown in Fig. 2.1(a), was etched in the hydrofluoric acid solution for 40 min and 
subjected to SEM observation. Figure 2.13 shows the result. While the bottom surfaces of the etched 
cavities seem very flat, the sidewalls look as if they were rough. However, this sidewall structure is a 
replica of the shape of the holes. Therefore, this means that the present combination of ion 
irradiation and etching has a very precise resolution, capable of being applied as a nanofabrication 
method. By combining the irradiation of ions with various energies suitable for multilayer inside 
hollow etching, three-dimensional nanofabrication is also possible. 
 
2.5 Conclusions 
The structural change induced in rutile TiO2 single crystals by irradiation of swift heavy ions has 
been investigated. Through x-ray diffraction and high-resolution electron microscopy analyses, it is 
considered that the latent tracks induced by the passage of ions become amorphous and that the 
lattice constants in the surrounding region become larger. If the rutile crystal is irradiated by swift 
heavy ions to a fluence higher than the critical value at which the latent tracks and their surrounding 
regions presumably cover a large portion of the rutile surface, the surface becomes possible to be 
etched by hydrofluoric acid. When Ti, Cu, Br, or I ions are irradiated, the etching continues to the 
depth from the surface where the electronic stopping power decays to a threshold value of 6.2 
keV/nm, regardless of the ion species. Excepting the above, the surface cannot be etched even if the 
stopping power exceeds the threshold when the ion is Cl or Ca. However, in this case, a hollow 
vacancy layer is etched inside the sample. By calculating the radial distribution of energy deposited 
on the surface by the incident ions, it becomes evident that there is a clear demarcation in the radial 
energy distribution which determines whether the surface can be etched or not. The bottom and side 
surfaces of the etched cavities were found to be very smooth in the order of nm. Therefore, 
combination of irradiation by swift heavy ions with various energies and following etching is 
believed to be a good processing method to fabricate three-dimensional nanostructures. 
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Ion species Energy [MeV] H [µm] Ds [µm] 
I 78.8 0.5 4.6 
Br 120 0.9 8.1 
 50 0.4 4.0 
Cu 110 0.9 8.1 
 84.5 0.7 6.3 
 15 0.1 0.9 
Ti 100 1.0 9.6 
Table 2.1.  Saturation values of the height of swollen surface H induced by ion 
irradiation and the etched depth Ds. 
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Fig. 2.1.  (a) An AFM image of the rutile surface irradiated by 120-MeV Br ions to a fluence of 8.0 
× 1013 cm–2 through a Au mask with square-shaped holes. (b) An SEM image of the Au mask.  
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Fig. 2.2.  (a) An SEM image of the rutile surface irradiated with 110-MeV Cu ions to a fluence of 
8.0 × 1013 cm–2 and etched by 20% hydrofluoric acid. The upper left area was covered with a Si 
wafer during the irradiation. (b) An AFM image of the etched surface. 
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Fig. 2.3.  (a) Relation between the etching time and the etched depth D, observed for the samples 
irradiated by 84.5-MeV Cu ions to fluences of 7.0 × 1012 cm–2 (triangles), 1.0 × 1013 cm–2 (squares), 
and 5.0 × 1013 cm–2 (circles). The kinked line represents the result of least-squares fit to the data for 
the sample irradiated to 5.0 × 1013 cm–2. (b) Effect of the surface orientation on the etching property 
for the samples irradiated to a fluence of 5.0 × 1013 cm–2. 
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Fig. 2.4.  Change in De as a function of irradiated fluence of 84.5-MeV Cu ions. 
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Fig. 2.5.  X-ray diffraction spectra of the nonirradiated rutile (i), after irradiation of 84.5-MeV Cu 
ions to fluences of 1.0 × 1012 (ii), 3.0 × 1012 (iii), 7.0 × 1012 (iv), and 5.0 × 1013 cm–2 (v). Curve (vi) 
is the spectrum of the sample (iii) after having been etched in hydrofluoric acid for 30 min. The 
peaks at 39.2° and 84.3° are due to the (200) and (400) planes, respectively. 
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Fig. 2.6.  High-resolution electron microscopy images of the rutile irradiated by 84.5-MeV Cu ions 
to a fluence of 1.0 × 1010 cm–2. A bright image and a lattice image are shown in (a) and (b), 
respectively.  
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Fig. 2.7.  Calculated electronic stopping power Se as a function of the depth from the surface. a: 
78.8-MeV I ions, b: 120-MeV Br ions, c: 50-MeV Br ions, d: 110-MeV Cu ions, e: 84.5-MeV Cu 
ions, f: 15-MeV Cu ions, and g: 100-MeV Ti ions. The x-axis values of the solid circles indicate the 
depths where the etching stopped.  
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Fig. 2.8.  X-ray diffraction spectra obtained before and after irradiation of Ca ions to a fluence of 
8.0 × 1013 cm–2. (a) Before irradiation. (b)–(f) After irradiation of ions with energies of 15.3 MeV (b), 
31.9 MeV (c), 50.8 MeV (d), 72.3 MeV (e), and 82.0 MeV (f). 
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Fig. 2.9.  A cross-sectional SEM image of the sample etched following the irradiation of the 
72.3-MeV Ca ions to a fluence of 8.0 × 1013 cm–2. 
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Fig. 2.10.  Calculated values of Se of Ca ions injected with various energies as a function of the 
depth from the sample surface. The dotted portion of each curve represents the depths where the 
hollow etching was made. 
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Fig. 2.11.  Change in the ratio F of the area affected by the irradiation of 84.5-MeV Cu ions to the 
entire sample surface. The solid curve is the result obtained by assuming that the area affected is 
limited to the amorphous region, while the dotted one is under the assumption that the area includes 
the surrounding region. 
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Fig. 2.12.  Radial distribution of energy deposited on the rutile surface as a function of the distance 
from the ion incident point. Solid curves with roman letters mean that the surface was etched, while 
dotted ones with italics represent that the inside was etched. 
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Fig. 2.13.  An SEM image of the etched surface with 20% hydrofluoric acid of the same sample 
shown in Fig. 2.1(a). The sidewall pattern is a replica of that of the holes through which the ions 
were irradiated. 
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–Chapter 3– Plasmonic Activity on Au Nanoparticles Embedded in Nanopores Formed in a 
Surface Layer of SiO2 Glass by Swift-heavy-ion Irradiation 
 
Abstract 
Swift heavy ions were irradiated into SiO2 glass by selecting the ion species and its energy in order 
to induce the largest damaged regions. These regions were then selectively etched by hydrofluoric 
acid vapor to form nanopores on the glass surface. Subsequently, Au nanoparticles were embedded 
into the nanopores by vacuum evaporation, followed by thermal treatment. In the new plasmonic 
structure obtained with these procedures, the localized surface plasmon excitation wavelength 
induced around the Au nanoparticles was found to show a redshift, which agreed well with the 
theoretical calculation, when water, introduced into the nanopores, surrounded the nanoparticles. 
This indicates that the fabricated structure can be used as a sensing element to detect the adhesion of 
substances such as biomolecules to the nanoparticles by measuring the redshift. 
 
3.1 Introduction 
When metal nanoparticles (NPs) are illuminated by light of an appropriate wavelength, localized 
surface plasmons (LSPs) are excited which absorb the light significantly. Since the LSP excitation 
wavelength shifts toward a longer wavelength with an increase in the refractive index around NPs 
[1–5], the attachment of a substance to the NPs can be detected by observing this shift. This is 
applicable to sensors, especially in the biomolecular field. In addition, the electric field enhancement 
around NPs induced by the LSP excitation can be applied to highly active photocatalysts [6] and to 
surface-enhanced Raman scattering [7]. It is also attractive in that various devices can be downsized, 
since it can be easily induced by simple illumination with light of an appropriate wavelength.  
Metal NPs are often arranged two-dimensionally on a substrate in order to apply them to devices 
by using several methods, such as the Langmuir-Blodgett method. However, the range of their 
application would be enlarged if they could be arranged three-dimensionally. One possible way to 
realize this is the formation of a large number of nanopores in a surface layer of the substrate and the 
subsequent embedding of the NPs into the nanopores. If such a structure is obtained in a transparent 
substrate such as SiO2 glass or in an optical waveguide, it would help to investigate the plasmonic 
property of metal NPs by allowing their optical absorption spectra to be observed. This would 
further expand their application to high-performance plasmonic devices, since the electric field 
should be enhanced by the realization of a permissible mode in the waveguide and by the LSP 
excitation of metal NPs.  
As a possible method to form nanopores on the surface of SiO2 glass, the latent-track etching 
method is fascinating. Namely, if heavy ions with a high energy in the order of MeV are implanted 
on the surface of an insulator, cylindrical damage occurs, called “latent tracks”. These tracks, one for 
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each ion, are formed along the ion paths, with diameters ranging from a few to ~10 nm and depths of 
a few µm [8–15]. The etching rate for latent tracks in SiO2 glass by hydrofluoric acid is 
approximately five times as high as that of nonirradiated regions [10], by which conical nanopores 
are formed on the surface [10,15]. Recently, as a further development, it has been reported that deep 
cylindrical nanopores with an ultrahigh-aspect-ratio of ~40 can be obtained in SiO2 glass using 
hydrofluoric acid vapor for etching [14]. Since metal NPs should be embedded more in cylindrical 
nanopores than in conical ones, vapor etching was employed in the present experiment.  
It has been reported that precipitation of metal NPs has been realized by implanting many swift 
heavy ions in insulators [16,17]. However, since the fabricated NPs are inevitably completely 
surrounded by the insulators, they cannot be used as plasmonic sensors to detect refractive index 
changes around the NPs. On the other hand, in the present method, the metal NPs are in nanopores 
intensively formed by swift-heavy-ion irradiation in a surface layer of SiO2 glass. Namely, if a 
certain change in refractive index around the NPs is induced by a substance introduced into the 
nanopores, such a change can be easily detected. As far as this viewpoint is concerned, our 
fabrication method is superior to the ones reported in [16,17].  
One of the most desirable materials for embedding NPs is Au, since Au NPs are chemically inert 
and their LSP excitation wavelength is in the range of visible light. This paper discusses the most 
appropriate ion irradiation condition for forming an adequate number of cylindrical nanopores with a 
desirable diameter in a surface layer of SiO2 glass by taking into account the thermal effect of ion 
irradiation. The formation of a new plasmonic structure with a three-dimensional distribution of Au 
NPs, by the above-mentioned method, is also reported. Furthermore, the plasmonic activity of the 
structure measured in two different dielectric environments, air and water, is reported. 
 
3.2 Experimental Procedures 
3.2.1 Calculation of the Radius of the Melted Region 
It is assumed that latent tracks are formed if the lattice temperature is increased above the melting 
point as a result of the interaction between electrons excited by ions and phonons in the material 
[9,13,18,19]. The latent-track radii experimentally obtained for quartz [9], BaFe12O19 [9] and rutile 
TiO2 single crystal [13] have been reported to agree well with the radii of melted regions estimated 
by calculations using heat diffusion equations, in which the effect of ion irradiation is taken into 
account [9,13]. Therefore, a similar calculation was performed for SiO2 glass. When a solid material 
is hit by a single ion, the electronic temperature Te and lattice temperature T are expressible by the 
following Eqs. (3.1) and (3.2) [9,13,18,19]. 
 ),()()( eeeee trATTgTKt
TC +−−∇⋅∇=∂
∂ ,    (3.1) 
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TTC −+∇⋅∇=∂
∂ ,     (3.2) 
where Ce and Ke are the electronic specific heat per unit volume and the electronic thermal 
conductivity, respectively, while C(T) and K(T) are the corresponding values for the lattice. Further, 
g is the coupling constant governing the electron-phonon interaction. The term A(r,t), which is 
expressed by the equation, 
 )/exp()(),( 0 τtrDAtrA −= ,      (3.3) 
is the energy transferred from a single ion to the electrons in a unit volume at a radial distance r from 
the ion path during a unit period of time at a time t, if t = 0 is taken as the instant of the arrival of the 
ion at the surface of the material. Here, A0 is a constant, D(r) is the initial spatial distribution of the 
energy transferred to the electrons from the ion [20] and τ is the mean flight time of the delta-ray 
electrons. The constant A0 is calculated from the equation,  
 dttrdrrDArdrdttrAS
trr t ∫∫∫ ∫ ∞=∞=∞= ∞= −== 0000 0e )/exp(2)(2),( τππ ,  (3.4) 
where Se is the electronic stopping power of the ion.  
Using these equations, T and the radius of the melted region induced in SiO2 glass were estimated 
as functions of the ion acceleration energy, which ranged from 1 to 200 MeV for the implantation of 
Si, Cl, Se, Br, I, and Au ions, assuming that T was 300 K before the ion implantation. While the 
thermodynamic parameters were approximated by the values for quartz, since those for SiO2 glass 
are unknown, the temperature dependences of C(T) and K(T) were based on [18], and the electronic 
stopping power was calculated for each ion using the SRIM 2006 code [21], under the condition that 
the density of SiO2 glass is 2.2 g cm–3 [18]. 
 
3.2.2 Materials 
Three kinds of samples were used in the present experiment. The first one, sample A, was a 10 × 
10 × 1.2 mm3 substrate with a ~500-nm-thick SiO2 glass surface layer, which was obtained by the 
oxidation of a 1.2-mm-thick SiO2 glass substrate with a 440-nm-thick Si single crystal layer on the 
surface (Shin-Etsu Chemical) in an O2/H2O mixture vapor at 1000 °C for 65 min. Sample B was 
purchased from KST World Corp. It was a 10 × 10 × 0.5 mm3 Si single crystal substrate with a 
2-µm-thick thermally grown SiO2 glass layer. Sample C was a 13 × 20 × 0.7 mm3 optically polished 
SiO2 glass substrate purchased from Ohyo Koken Kogyo Co., Ltd. They were irradiated by 137- 
MeV Au ions to a fluence of 5 × 109 cm–2 at the Tandem Accelerator Complex, University of 
Tsukuba (UTTAC) under a pressure below 1 × 10–3 Pa at room temperature. Using the SRIM 2006 
code [21], the average projected range was calculated to be ~17 µm for 137-MeV Au ions implanted 
into SiO2 glass.  
Sample A was etched in a 4.8% hydrofluoric acid solution after the ion irradiation in order to 
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perforate the nanopores by etching the latent tracks formed in the surface layer. The perforated 
surface of sample A was observed by SEM (Hitachi High-Technologies S-4800) to measure the radii 
of the nanopores. Then, the nanopore radii were compared with those reported in [15], in which 
nanopores were also formed in SiO2 glass obtained by an oxidation process similar to the one used to 
prepare sample A. On the other hand, for samples B and C, a vapor of 18.4% hydrofluoric acid was 
used to obtain nanopores, and chemically stable Au was then vacuum-evaporated on the sample 
surface. This sample, together with Au in the nanopores, was subsequently treated thermally at 
300 °C for 30 min. With these procedures, Au was embedded into the nanopores, taking the shape of 
nanoparticles.  
While sample B was used for surface and cross-sectional observations by SEM, since a smooth 
cross-section was obtainable by the cleavage of the Si substrate, sample C, which was transparent, 
was used to measure the absorption from 300 to 800 nm with a spectrophotometer (Shimadzu 
UV-2500) before and after the embedding of Au NPs. Furthermore, in order to investigate the 
dependence of plasmonic activity on the dielectric environment around the Au NPs, water was 
dropped on the sample surface and the absorption spectrum was measured. 
 
3.3 Results and Discussion 
It has been previously reported by the author and colleagues that in the case of Cl and Ca ions, 
latent tracks cannot be formed on the surface of a rutile TiO2 single crystal if the ion velocity is too 
high [12]. It has also been reported that the latent track on a Y3Fe5O12 film becomes smaller if the 
speed of the Kr or Xe ions is faster [8]. This is due to the fact that the reaction cross-section becomes 
smaller with an increase in ion velocity. Therefore, the latent track should show an ion 
species-dependent largest radius at a certain ion energy.  
In order to effectively embed Au NPs into nanopores, large nanopores are desirable. Therefore, it 
was necessary to choose the best ion species and acceleration energy to perforate the nanopores with 
the maximum radius before starting the ion implantation experiments. With this view, the author first 
examined the radius of the region melted upon ion irradiation, which was in agreement with that of 
the latent track as mentioned above [9,13], for as many ion species as possible.  
Figure 3.1 shows the radius of the melted region that should result from the implantation of a 
single ion into the SiO2 glass as a function of the acceleration energy, calculated for Si, Cl, Se, Br, I, 
and Au ions. For Si, Cl, and Se ions, the maximum radius is seen in a certain energy range. It 
reaches about 0.35 nm at 7–10 MeV for Si, 0.75 nm at 10–20 MeV for Cl, and 2.75 nm at 150 MeV 
for Se. On the other hand, as shown in Fig. 3.1, the radius becomes larger with an increase in the 
atomic number and with an increase in the acceleration energy, at least as far as in the energy range 
below 200 MeV for Br, I, and Au, which have atomic numbers larger than those of Si, Cl, and Se. In 
view of the objective of the present research to create nanopores with the largest radius, Au was the 
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most appropriate of the six ion species implanted, since it yielded the largest melted region, as 
shown in Fig. 3.1.  
Therefore, it was decided to compare the calculated radius of the melted region with the average 
radius of the perforated nanopores for Au ions. For this purpose, the SiO2 glass sample A was 
irradiated by 137-MeV Au ions and perforated by wet etching in a 4.8% hydrofluoric acid solution 
for 7 min at room temperature. A comparison was also made to the radii of nanopores that were 
reported in the literature [15] to have been ion implanted and perforated by etching, similarly to the 
present research. Namely, for each ion irradiation condition, the radius of the melted region was 
calculated as shown in Fig. 3.1, and re-plotted on the abscissa in Fig. 3.2. On the other hand, the 
radii of the nanopores reported in [15] are plotted on the vertical axis as open circles, while the open 
square represents the average radius of the nanopores, as estimated from the surface SEM image 
shown in the inset, which were observed for sample A after the ion implantation and perforation by 
etching. This should not detract much from the value of the comparison, since the fact that the 
results obtained in different researches lie on a single smooth curve demonstrates well the validity of 
the present objective to predict the radii of perforated nanopores from the calculated radii of melted 
regions. The average radius of the nanopores becomes larger with an increase in the calculated 
radius of the melted region, as shown in Fig. 3.2, which in turn indicates that the average pore or 
latent-track radius induced in any ion irradiation condition is a function of the radius of the melted 
region. This is consistent with previous findings that the energy transferred from ions to electrons in 
substances governs the formation of latent tracks [9,12,13]. Here, the observed nanopore radius is 
significantly larger than the calculated one. This is due to the fact that hydrofluoric acid can also etch 
nonirradiated regions, although the etching speed there is slow compared to that for the irradiated 
regions.  
As mentioned above, in order to effectively embed Au NPs into nanopores, nanopores with large 
radii are desirable. Therefore, after examining the result shown in Fig. 3.2, it was decided to use 150- 
MeV Au ions, since they had the largest atomic number and energy of the ions that could be emitted 
with a sufficiently large beam current by our ion accelerator. An Al foil with a thickness of 0.8 µm 
was set between the ion accelerator and the sample, to ensure that the ions were diffused and 
implanted on the sample surface uniformly. The average ion energy to hit the sample surface after 
having passed through the foil was calculated to be 137 MeV.  
The insets (i)–(v) in Fig. 3.3 show schematically the nanostructure fabrication procedures, from 
the ion irradiation to the embedding of Au NPs, while (a), (b), and (c) show photographs of sample 
C on a nonwoven cotton mesh taken after the processes of Au evaporation (iii), annealing (iv), and 
the removal of the Au film (v), respectively. In process (i), in order to form latent tracks, Au ions 
were implanted on either sample B or C with an energy of 137 MeV. In the next process (ii) to form 
nanopores, the ion irradiated sample was kept at 36 °C and exposed to a vapor of 18.4% hydrofluoric 
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acid at 20 °C for 40 min to etch only the latent tracks. Next, in order to embed Au into the nanopores 
(iii), Au was deposited on the perforated SiO2 glass sample by vacuum evaporation to a thickness 
that corresponded to 50 nm if it were deposited on a flat substrate, as determined by measurement 
with a quartz crystal microbalance. During the process, only a part of the evaporated Au is expected 
to have been embedded into the nanopores, while the majority seems to have been deposited on the 
surface of the SiO2 glass as a film, since a metallic luster was observed, as shown in (a). Then, the 
sample was heated at 300 °C for 30 min in N2 (iv), which allowed the contact between the Au film 
and the SiO2 glass to become weak enough so that it could be peeled off, as shown in (b). By using 
these procedures, a structure with Au NPs embedded into nanopores was obtained (v). The area 
where the Au was evaporated looks purple, as shown in Fig. 3.3(c), which indicates that optical 
absorption was induced over a wide area as a result of the LSP excitation around the Au NPs 
embedded in the nanopores. This in turn indicates that nanopores with embedded Au NPs were 
formed over the entire sample surface, as expected.  
Figures 3.4(a) and (b) show SEM images of the surface and cross-section of sample B, observed 
after irradiation with 137-MeV Au ions to a fluence of 5 × 109 cm–2 and then etched for 40 min, 
namely at the stage corresponding to Fig. 3.3(ii). The direction of the ion irradiation was 
perpendicular to the surface, as indicated by the arrows. It is clear that high-aspect-ratio cylindrical 
nanopores with a diameter of ~50 nm can be formed by the selective etching of latent tracks. Here, 
as shown in Fig. 3.4(a), some nanopores overlap with each other, since the ions hit the surface at 
random. These overlaps could be eliminated if nano-patterned masks thick enough to shield ions, 
such as the ones fabricated by the LIGA process or nanoimprint lithography, can be used [22].  
Surface and cross-sectional SEM images of sample B, obtained after the removal of the deposited 
Au film by the thermal treatment, or at the stage corresponding to Figs. 3.3(v) and (c), are shown in 
Figs. 3.5(a) and (b), respectively. In these figures, spherical substances with radii of several tens of 
nm, which indicate the presence of Au NPs, can be seen in the nanopores after the Au embedment. 
Note that such spherical substances cannot be seen in Fig. 3.4 obtained before the embedment. 
Figures 3.6(a) and (b) show histograms of the diameters of the nanopores or black regions in surface 
SEM images observed before and after the Au NP embedment, respectively.  
Figure 3.7 shows surface SEM images observed in sample C, which was perforated and etched 
similarly to sample B. Compared to the image taken before the Au embedment (a), the one taken 
after the embedment (b) shows that Au NPs are in the nanopores. As shown in Figs. 3.4, 3.5, and 3.7, 
the Au NPs seem to be present only in the nanopores, not on the top surface, indicating that, as 
expected, the excess Au deposited on the top surface in the shape of a film was completely removed 
by the thermal treatment, as shown in Figs. 3.3(iv) and (v).  
Figure 3.8 shows the optical absorption spectra measured for sample C at the as-received stage (a), 
after the nanopore etching (b), after the embedment of Au NPs into the nanopores (c), and after 
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introducing water into the nanopores with the Au NPs embedded (d). The inset shows the spectra (a) 
and (b) enlarged for the wavelength range from 560 to 800 nm. The significant increase in 
absorbance seen in the sample after the formation of nanopores at wavelengths shorter than about 
560 nm (spectrum (b)) is due to the Rayleigh scattering induced by the increase in surface roughness 
during the nanopore formation process, including the vapor etching. On the other hand, the 
absorbance at wavelengths longer than 560 nm becomes low compared with the as-received sample, 
which means that the transmittance is increased in this wavelength region by perforating the SiO2 
glass. This is quite reasonable since the presence of air in the nanopores, which covers ~10% of the 
surface of the SiO2 glass, decreases the difference between the refractive indices of the two materials 
at each side of the incident plane of the light. This should be beneficial for optical applications of the 
present structure.  
Figure 3.9 compares the absorption spectra of sample C with nanopores and embedded Au NPs 
before and after dropping water on the surface. Here, in order to eliminate the above-mentioned 
effects of Rayleigh scattering and an increase in transmittance, and to clarify the effect induced by 
the embedding of Au NPs, differential absorption spectra obtained by subtracting the spectrum (b) 
from the spectra (c) and (d) shown in Fig. 3.8 are shown. The absorption peak at 525 nm, induced as 
a result of the LSP excitation around the Au NPs, is shifted by 17 nm toward a longer wavelength by 
the water. Assuming that the peak shift is caused by the fact that the refractive index around the Au 
NPs is really increased by the presence of water in the nanopores, the shift is compared with the 
theoretical value. The LSP excitation wavelength, λ1, induced around Au NPs present in the 
surrounding medium with a refractive index n1 is expressed by the following equation [1,2],  
 λ1 = λp (ε∞ +2n12)1/2,      (3.5) 
where λp and ε∞ are the plasmon wavelength of bulk Au and the high-frequency dielectric constant 
of the NPs, respectively. While λp is 136.5 nm [23], n1 can be regarded as the value of water, 1.377 
[24], since the area of contact between each Au NP and the SiO2 glass is small, although both water 
and SiO2 glass are present around the Au NPs. Furthermore, ε∞ is expressed as 
 ε∞ = λ22/ λp2 −2n22,       (3.6) 
where λ2 and n2 are the LSP excitation wavelength induced around the Au NPs and the refractive 
index of the surrounding medium before the dropping of water [1,2]. While λ2 can be determined to 
be 525 nm from the spectrum (a) shown in Fig. 3.9, n2 can be regarded as 1.0 by assuming that the 
Au NPs are uniformly surrounded by air, as in the case of the estimation of n1, by neglecting the 
presence of SiO2 glass. By using these values, ε∞ is calculated to be 12.8, which is close to the value 
reported in the literature [1,3]. Then, the redshift in the LSP excitation wavelength, λ1 – λ2, induced 
by the embedding of water around the Au NPs can be calculated as 27 nm. This value and the value 
experimentally observed, 17 nm, should be regarded as close enough if the limits of the calculation 
accuracy are taken into account, which in turn indicates the validity of the above-mentioned 
  
 
60
assumption. Namely, the redshift in the LSP excitation wavelength is induced as a result of the 
presence of water around the NPs. This demonstrates that a change in the medium surrounding the 
NPs can be detected by measuring the shift in the LSP excitation wavelength, which in turn means 
that the structure fabricated in this research can be applied to a plasmonic sensor, which should be 
useful in many fields such as biomolecular research. 
 
3.4 Conclusions 
Gold nanoparticles were three-dimensionally dispersed in nanopores formed on the surface of 
SiO2 glass, and their plasmonic activity was investigated to examine the possibility of applying the 
structure to plasmonic devices. The following important results were obtained.  
(i) At ion acceleration energies below 200 MeV, the radii of nanopores formed by ion 
implantation and subsequent perforation by etching become larger with an increase in the 
atomic number and acceleration energy of the ions.  
(ii) With irradiation of 137-MeV Au ions and subsequent etching, nanopores with a high-aspect- 
ratio and diameters of approximately 50 nm can be formed on SiO2 glass.  
(iii) The localized surface plasmon excitation wavelength induced around the Au nanoparticles in 
nanopores shifts toward a longer wavelength by 17 nm, which agrees with the calculation 
result, when water is dropped on the surface. Thus, a change in the material around the Au 
nanoparticles can be detected, indicating that the present nanostructure is applicable to 
plasmonic sensors. 
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Fig. 3.1.  The radius of the melted region R formed by the irradiation of a single ion into SiO2 glass 
as a function of ion acceleration energy, calculated using heat diffusion equations (3.1)–(3.4). ○: Si 
(atomic number: 14), ▲: Cl (17), □: Se (34), ▼: Br (35), : I (53), and ×: Au (79). 
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Fig. 3.2.  The average radius of nanopores perforated in SiO2 glass by wet etching after the 
implantation of various ions, as a function of the calculated radius of the melted region R shown in 
Fig. 3.1. Note that the open square represents the nanopore radius experimentally obtained for 137- 
MeV Au ions, while the open circles represent those reported in [15]. The broken line is a guide for 
the eyes. The inset shows a surface SEM image of the perforated sample A. 
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Fig. 3.3.  Schematic procedures for the embedding of Au NPs into nanopores in a surface layer of 
SiO2 glass: irradiation of 137-MeV Au ions to form latent tracks (i), etching of the latent tracks by 
hydrofluoric acid vapor to form nanopores (ii), evaporation of Au (iii), thermal treatment to remove 
the Au layer from the glass surface (iv), and the final structure (v). Photographs of sample C on a 
nonwoven cotton mesh taken at stages (iii)–(v) are shown in (a)–(c), respectively. 
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Fig. 3.4.  Surface (a) and cross-sectional (b) SEM images of sample B after perforation by vapor 
etching. White arrows represent the direction of ion implantation. 
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Fig. 3.5.  Surface (a) and cross-sectional (b) SEM images of sample B, showing the presence of Au 
NPs embedded into the nanopores. White circles indicate the presence of Au NPs. 
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Fig. 3.6.  Histograms of the diameters of the nanopores or black regions observed before (a) and 
after the Au NP embedment (b). 
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Fig. 3.7.  Surface SEM images of perforated sample C taken before (a) and after the Au embedment 
(b). White circles in (b) indicate the presence of Au NPs. 
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Fig. 3.8.  Absorption spectra measured for sample C at the as-received stage (a), after the nanopore 
etching (b), after the embedment of Au NPs into the nanopores (c), and after introducing water into 
the nanopores with the Au NPs embedded (d). The inset shows the spectra (a) and (b) enlarged at 
wavelengths from 560 to 800 nm. 
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Fig. 3.9.  Effect of water present around Au NPs on the absorption of sample C. Curves (a) and (b) 
are the normalized differential absorption spectra before and after the water was dropped, obtained 
by subtracting the spectrum (b) from the spectra (c) and (d) shown in Fig. 3.8, respectively.  
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–Chapter 4– Fabrication of Inert Ag Nanoparticles with a Thin SiO2 Coating 
 
Abstract 
The author presents a genuine experimental technique to fabricate Ag nanoparticles with an ultrathin 
SiO2 coating, thus making the nanoparticles chemically inert. The impact of the coating on 
plasmonic properties is experimentally quantified and compared with theoretical predictions. 
Furthermore, numerical simulations of the near-field enhancing properties of the nanoparticles are 
conducted. It is found that the coatings fabricated are sufficiently thin to make the plasmonic 
resonance wavelength shift negligible and for observing a significant field enhancement on the 
surface of the SiO2 shell at the resonance wavelength. Application of such inert nanoparticles to 
sensitize the absorption of near-ultraviolet light is discussed. 
 
4.1 Introduction 
Metallic nanoparticles (NPs) with diameters in the order of only a few nm sustain fascinating 
electrical and optical properties that are not observable in their bulk counterparts [1,2]. Potentially 
the most appealing property is the possible excitation of localized surface plasmon (LSP) resonance. 
Research on LSP is mainly driven by the promise of numerous potential technological applications, 
such as for the localization of light in volumes much smaller than the diffraction limit [3], for Raman 
scattering spectroscopy [4], and many optical devices such as plasmonic waveguides [5], plasmonic 
photocatalysts [6], or biomolecular sensors [7]. 
Most of these applications rely on the significant scattering cross-section or the near-field 
amplitude largely enhanced in the close vicinity of the NP at the LSP resonance. Potentially the best 
metal for this purpose is Ag as it shows the lowest damping among the noble metals [8]. 
Nevertheless, its widespread use in devices is not encountered, because an intrinsic problem of Ag is 
its sensitive reaction with surrounding chemicals, causing easy oxidization of Ag and significant 
degradation of plasmonic properties. Therefore, there is a strong need to protect the Ag NP from its 
surrounding using an appropriate coating. Since SiO2 is chemically inert and highly transparent over 
sufficiently large spectral domains, it is an attractive material for such protection. Therefore, the 
synthesis of SiO2-coated Ag NPs by employing the Stöber method [9] or by depositing SiO2 using 
ethyl alcohol [10] has been reported [10,11]. However, the SiO2 coatings studied in these reports 
were much thicker than the diameter of the metallic NP. Because the electric field enhanced by the 
LSP excitation is localized to the surface between the metal and the dielectric with a roughly 
exponentially decaying strength in space, the near-field enhancing qualities of coated NPs in these 
papers could not be used as it fades away for coatings that are excessively thick. To address this 
limitation, the author introduces and details here a genuine experimental technique to fabricate Ag 
NPs with protecting SiO2 coatings having a thickness of approximately 5 nm or even less. The 
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author presents the experimental results of the absorption spectra of such NPs and analyzes the 
impact of the coating on plasmonic properties observable in the far- and near-field. 
 
4.2 Experimental Procedures 
The SiO2-coated Ag NPs were obtained by the following methods. First, a 100-mL aqueous 
solution of 0.1-mM AgNO3 containing 2.6 mg of trisodium citrate as a stabilizer was prepared. 
Second, into the solution, which was being stirred vigorously, a 10-mL aqueous solution of 2-mM 
NaBH4 used as a reducing agent of Ag ions was poured gently and slowly. The procedure makes it 
possible to fabricate Ag NPs with a mean diameter of ≈10 nm at low size dispersion. This solution, 
in which the Ag NPs are homogenously dispersed, is termed throughout the manuscript “Ag sol”. 
Next, the deposition of thin and homogenous SiO2 films on the NPs dispersed in the Ag sol was 
performed with the following procedures. A 0.4-mL aqueous solution of 1-mM 3-aminopropyl- 
trimethoxysilane used as a coupling agent was added to the Ag sol. It was then stirred vigorously for 
20 min. The sol was subsequently diluted by a factor of 10 with distilled water. In the next step, 5 
mL of a 0.54-wt% sodium silicate solution was poured into the slowly stirred diluted sol within five 
hours, followed by gentle stirring for two days. Next, the sol was concentrated 10 times using a 
rotary evaporator, followed by a single dialysis using a dialytic film with a pore size of 5 nm. After 
the dialysis, the sol was concentrated by a factor of four. Finally, analytical grade ethyl alcohol, four 
times as much as the sol, was slowly added, resulting in the deposition of thin SiO2 films on the 
surfaces of Ag NPs. The solution at this stage, in which the SiO2-coated Ag NPs are dispersed, is 
referred to as “SiO2-coated Ag sol”. The SiO2-coated Ag NPs were then collected on a Cu microgrid 
coated with carbon. Their shapes were observed using TEM (Hitachi H-9000). The LSP excitation 
wavelength was measured by observing the absorption spectrum with a Hitachi U-4100 
ultraviolet-visible-near infrared spectrophotometer. 
 
4.3 Results and Discussion 
Figure 4.1 shows a TEM image of the synthesized Ag NPs coated with the thin SiO2 films. It is 
clearly shown that Ag NPs with an average diameter of 7 nm are covered with a SiO2 coating 3 nm 
thick on average. They form a string of beads, which is adequate for the efficient use of the enhanced 
electric field induced by the LSP excitation.  
Absorption spectra of the Ag sol and the SiO2-coated Ag sol are shown in Fig. 4.2. The absorption 
peak, induced by the excitation of LSP resonance, shifts toward a longer wavelength by 5 nm for the 
SiO2-coated Ag NPs. The shift can be generally explained by considering that the SiO2 coating 
increases the refractive index of the surrounding. A theoretical analysis was carried out at this stage 
of the research. The peak wavelength λp1 of the LSP excited in a metallic NP with a spherical core 
(metal)–shell (dielectric) structure can be computed by [12] 
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where λp2, ε∞, ns, nm1, and g are the bulk metal plasmon wavelength, high-frequency dielectric 
constant, refractive index of the film, refractive index of the medium surrounding the core–shell 
structure, and volume fraction of the shell layer, respectively. For Ag, λp2 is 136.3 nm [13], and ns is 
calculated to be 1.42 from the relation between the density and the refractive index of SiO2 [14]. The 
density of SiO2 deposited in the present experiment was assumed to be 2.0 g/cm3 [15,16]. From the 
literature [17,18], nm1, which corresponds to the refractive index of a mixture of ethyl alcohol and 
water with a volume ratio of 4 : 1, is estimated to be 1.368. The fraction g is described using the 
equation, 
 ( )( )3sc
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c
3
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RTRg +
−+= ,      (4.2) 
where Rc and Ts are the radius of the metallic NP and the thickness of the surrounding film, 
respectively. Furthermore, ε∞ is expressed using the equation [12,19], 
 ε∞ = (λp3/λp2)2 −2nm22,      (4.3) 
where λp3 is the LSP excitation wavelength for the Ag NPs in the Ag sol, and nm2 is the refractive 
index of water surrounding the Ag NP, being 1.350 [17]. From the solid curve shown in Fig. 4.2, λp3 
is experimentally determined to be 395 nm. Therefore, by substituting 395 nm to λp3 in Eq. (4.3), ε∞ 
is obtained to be 4.75. This is in a good agreement with the values reported in the literature [19]. 
Using these values, the shift in the LSP excitation wavelength induced by the SiO2 coating λp1 − λp3 
is estimated to be 7.9 nm for the SiO2-coated Ag NPs if Rc = 3.5 nm and Ts = 3.0 nm. This is close to 
the shift value observed, which was 5 nm. Thus, it is concluded that the SiO2 coating is thin enough 
not to give any harmful effect on the plasmonic activity. The above-mentioned SiO2-coated Ag NPs 
can be used as a sensitizer in the near-ultraviolet region.  
Furthermore, the enhancement of the electric field in the vicinity of the SiO2-coated Ag NP 
induced by the LSP was calculated using the Mie theory [20]. Figure 4.3(a) shows the field 
enhancement in a cross section of the NP. The enhancement is defined as the electric field intensity 
normalized to the intensity of the incident wave. The incident wave is assumed to be an x-polarized 
plane wave propagating in the positive z-direction and having a wavelength of 400 nm. The 
wavelength was chosen because it corresponds to the LSP resonance as deduced from Fig. 4.2. All 
the experimental parameters for the Ag–SiO2 core–shell spherical NP as detailed before were taken 
into account. The refractive index of Ag at a wavelength of 400 nm was assumed to be 0.226 + 2.10i. 
The value is slightly different from the refractive index of the bulk Ag [8], since the finite size 
effects of the NP are fully taken into account [20]. Figure 4.3(b) shows change in the ratio of the 
field intensity along the x axis. As shown in Fig. 4.3(b), the electric field intensity on the surface of 
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the SiO2 coating is enhanced by a factor of 1.8. This indicates that the electric field remains 
enhanced on the surface of the SiO2 shell. Stronger electric field enhancement can be obtained for a 
larger Ag NP, since higher plasmonic activity and a longer penetration length are realized with an 
increase in the radius of the NP. 
 
4.4 Conclusions 
Synthesis of Ag nanoparticles with an average diameter of 7 nm coated with thin SiO2 films with 
an average thickness of 3 nm has been successfully carried out by a chemical reaction in a liquid. 
The redshift of the localized surface plasmon resonance wavelength due to the SiO2 coating was 
measured to be 5 nm, resulting in only a subtle change in the plasmonic activity in the 
near-ultraviolet region. The redshift observed agrees very well with the calculated. Numerical 
simulation showed that the electric field intensity on the surface of the Ag–SiO2 core–shell spherical 
nanoparticle is enhanced at the localized surface plasmon excitation wavelength by a factor of 1.8. 
This field enhancement should bring about a higher performance of an optical device that utilizes the 
resonance absorption enhanced in the near-ultraviolet region. 
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Fig. 4.1.  Transmission electron microscopy image of the synthesized Ag NPs coated with thin SiO2 
film. 
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Fig. 4.2.  Absorption spectra of the Ag sol (solid curve) and the SiO2-coated Ag sol (broken curve). 
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Fig. 4.3.  (a) Electric field intensity in the vicinity of a Ag core centered at the origin with a 
diameter of 7 nm covered with a 3-nm-thick SiO2 shell, calculated using the Mie theory. The 
core–shell particle in a mixture of ethyl alcohol and water with a volume ratio of 4 : 1 is exposed to 
plane-wave light with a wavelength of 400 nm. The color bar indicates the ratio of the electric field 
intensity against that of the incident light. (b) Change in the ratio along the x axis or the diameter of 
the NP. 
Ag SiO2 SiO2 
  
 
80
–Chapter 5– Solution Conductivity as a Key Factor for Thin SiO2 Coating on Colloidal Ag 
 
Abstract 
In order to utilize Ag nanoparticles for various applications such as photocatalysts while maintaining 
their chemical stability, enhanced electric fields on the nanoparticle surfaces induced by localized 
surface plasmon excitation must be used effectively. For satisfying these requirements, an ultrathin 
SiO2 coating with a thickness of only a few nm was formed around Ag nanoparticles by a chemical 
reaction in a solution, while parameters such as the amount of sodium silicate and the number of 
dialysis procedures performed were changed. As a result, it was found that a key factor for obtaining 
stable thin-SiO2-coated Ag nanoparticles is the conductivity of the solution. Using a solution with an 
appropriate conductivity above 2.7 mS/m, SiO2 films can be coated on Ag nanoparticles without 
causing deterioration of the plasmonic activity resulting from the aggregation of Ag.  
 
5.1 Introduction 
As a source of future photonic technology, the new research field of “plasmonics” has attracted 
much attention. Among the many phenomena in plasmonics, the enhancement of an electric field by 
localized surface plasmon (LSP) excitation occurring in metallic nanoparticles (NPs), which has 
various applications [1–4], is one of the most fascinating. Silver (Ag) NPs are particularly suitable 
for applications that utilize near-ultraviolet light, such as photocatalysts, since the excitation 
wavelength of these NPs is in the near-ultraviolet wavelength region. Silver NPs are also attractive 
in that strong electric fields can be expected since Ag has the lowest damping constant of the 
commonly used noble metals [5]. 
Silicon dioxide (SiO2) is very attractive as a material for protective films that prevent the 
deterioration of Ag NPs, since it is chemically inert and highly transparent in a wide range from the 
near-infrared to the near-ultraviolet wavelength. Two SiO2 coating methods are possible, namely 
direct deposition by a method such as sputtering on Ag NPs located on a substrate and chemical 
deposition on NPs in solution. Such physical methods are relatively simple and are widely used [2]. 
However, in the first method, the film thickness deposited tends to be nonuniform since the 
deposition occurs by an inherently one-dimensional method on Ag NPs scattered on the substrate. 
However, with the use of chemical synthesis in a solution, homogenous SiO2 films can be deposited 
on Ag NPs. Therefore, the fabrication of Ag NPs and the coating of them with SiO2, both carried out 
by chemical synthesis in appropriate solutions, have been reported [6–8]. 
Once Ag NPs are coated with SiO2 films, the electric field enhancement can be utilized only in the 
region beyond the surface of the protective film. The enhancement is the largest on the NP surface, 
and decreases markedly in the form of r–3, where r is the distance from the center of the NP [9]. 
Therefore, a thin SiO2 film is desirable in order to utilize the electric field enhancement effectively. 
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However, in most studies reported previously [6–8], the thicknesses of SiO2 films obtained are 
greater than the diameters of respective Ag NPs.  
In order to address this limitation, Ag NPs were coated with thin SiO2 films by chemical synthesis 
in a solution, and ultrathin SiO2 coatings with an average thickness of 3 nm were formed 
successfully around extremely small Ag NPs with an average diameter of 7 nm [10]. Realizing this 
structure without causing aggregation of Ag NPs during synthesis is of prime importance in order to 
utilize the stable plasmonic activity of Ag NPs for a long period. For the formation of SiO2 coating, 
the ion concentration in a solution is expected to be a key factor. However, to the authors’ 
knowledge, there are few papers reporting the effect of ion concentration on the formation of a SiO2 
coating on Ag NPs. In the present research, the ion concentration changed by dialysis was evaluated 
by measuring the conductivity of the solution, and the condition for achieving a stable SiO2 coating 
on Ag NPs was obtained. The appropriate condition for the injection of the silane coupling agent, 
which is essential to deposit SiO2 on Ag NPs, is also discussed. 
 
5.2 Experimental Procedures 
Silver NPs were fabricated by slowly adding a 10-mL aqueous solution of 2-mM NaBH4 (Aldrich) 
used as a reducing agent into a vigorously stirred 100-mL aqueous solution of 0.1-mM AgNO3 
(Kanto Chemical) and 0.1-mM trisodium citrate anhydrous (Wako Pure Chemical Industries) over a 
period of four hours. The LSP excitation wavelength of the Ag NPs dispersed in the sol was 395 nm 
[10]. The Ag NPs do not aggregate because of the electrostatic repulsion resulting from negatively 
charged citrate surrounding the Ag NPs [6,11]. Next, an aqueous solution of 1-mM 3-aminopropyl- 
trimethoxysilane (APS; Aldrich) used as a silane coupling agent was added into the Ag sol, and the 
negatively charged citrate around the NPs is assumed to be replaced with APS immediately [6,11]. 
Since siloxy groups in APS align facing the surrounding medium [6,11], SiO2 is deposited on the Ag 
NPs. An aqueous solution containing 27-wt% sodium silicate (Aldrich) was used as the material for 
the SiO2 coating. Distilled water was used for the aqueous solution and for dialysis, and cellulose 
dialytic films with a pore size of 5 nm (Sanko Junyaku) were used for dialysis. 
In order to measure the LSP excitation wavelength of the Ag NPs, absorption spectra were 
obtained using a Hitachi U-4100 spectrophotometer. The solution conductivity and pH were 
measured at room temperature using a Mettler Toledo SevenMulti meter, which indicates the 
conductivity and pH of a solution at 25 °C by converting the corresponding values measured at an 
arbitrary temperature between 0 and 100 °C. 
 
5.3 Results and Discussion 
Figure 5.1(a) shows absorption spectra of the Ag-NP-containing solution into which aqueous 
solutions of 1-mM APS were added with total volumes of 0.2, 0.4, and 0.8 mL, together with the 
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spectrum before the addition of the APS solutions. No clear spectral changes are observed upon the 
addition of 0.2 mL, while a slight increase in absorbance at wavelengths longer than 450 nm is 
observed upon the addition of 0.4 mL or more. This increase in absorbance is considered to result 
from enlargement of the size of Ag NPs [12,13] by aggregation. 
Figure 5.1(b) shows a sketch detailing the adhesion of APS to metal NPs [6,11]. It is known that 
the unprotonated amino group of each APS molecule attaches to the surface of a metal NP via a 
dative bond [6,11]. Furthermore, it is assumed that all three methoxy groups at the other end of the 
APS molecule are hydrolyzed to form three oxygen negative ions, since the pH of the solution is 
~7.5, which is sufficiently high to cause complete ionization [6]. One APS molecule can cover 4.0 × 
10–19 m2 of the surface of Ag NPs [6] or Au NPs [11] dispersed in a solution. It has been reported, 
for Au NPs in a solution, that a bridging flocculation of APS occurs over a period of minutes to days, 
if the amount of APS solution added exceeds the amount that is necessary to cover all the surfaces of 
NPs or to make monolayered APS on NPs [11]. Assuming that a similar phenomenon occurs in the 
present experiment, the number of APS layers that is expected to cover the Ag NPs was calculated 
[11]. If all of the Ag NPs dispersed in the solution are spherical with identical radii R (m), their total 
surface area S (m2) is expressed as  
 S = 4πR2Nx = 3(4/3πR3N)x / R = 3<Ag>Vx / R,    (5.1) 
where N (1/m3), x (m3), <Ag> (mol/m3), and V (m3/mol) are the number of the Ag NPs per unit 
volume, the volume of the solution, the molar concentration of Ag in the solution, and the molar 
volume of Ag, respectively. For Ag, V is 1.0 × 10–5 m3/mol, while R is found to be 3.5 × 10–9 m from 
the TEM image reported in [10]. As mentioned above, <Ag> and x are 0.1 mol/m3 and 1.0 × 10–4 m3, 
respectively. 
Using the above values, S is calculated to be 8.6 × 10–2 m2. Assuming that all the APS molecules 
are attached to the Ag NPs, the number of layers of APS attached to the NPs corresponds to 2.2 for 
0.8 mL of the APS solution. As mentioned in relation to Fig. 5.1(a), significant aggregation was 
induced by the addition of 0.8 mL of the APS solution. In the same way, all the surfaces of the Ag 
NPs should be covered by approximately one layer of APS when the amount of APS solution added 
is 0.4 mL. Although the basic assumption is developed for Au [11], as mentioned above, the increase 
in absorbance shown in Fig. 5.1(a) agrees well with the assumption that bridging flocculation occurs 
when APS solution is added in excess of the amount required, causing the formation of the 
monolayer coating. Therefore, adding 0.4 mL of the APS solution is appropriate to coat the total 
surface area, 8.6 × 10–2 m2, of the Ag NPs. 
Next, three Ag colloidal solutions, into which 0.4 mL of the APS solution had been added, were 
prepared. These solutions were diluted with 900 mL of water in order to prevent the aggregation of 
NPs by separating NPs from each other. Then, 2, 5, and 10 mL of 0.54-wt% sodium silicate solution 
were slowly added into the three diluted solutions within five hours. According to the volumes added, 
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the solutions with sodium silicate are referred to as S2, S5, and S10, and the solution before the 
addition of sodium silicate is referred to as S0. Figures 5.2(a) and (b) show absorption spectra of 
solutions S0, S2, S5, and S10, and their peak positions, respectively. The peaks shift toward a longer 
wavelength with an increase in sodium silicate. The redshift seen in Fig. 5.2(b) confirms that SiO2 
with a refractive index higher than that of water is formed on the Ag NPs [14].  
Then, solutions S2, S5, and S10 were concentrated by a factor of 10 using a rotary evaporator, in 
order that the SiO2-coated Ag NPs could be arranged with a higher density on substrates. The 
concentrated solutions are referred to as S20, S50, and S100. The solutions were dialyzed to remove 
excess ions, which prevents their precipitation in the form of a crystallized salt on the substrates. The 
solutions dialyzed once are referred to as S21, S51, and S101, and those dialyzed twice are referred to 
as S22, S52, and S102.  
Figures 5.3(a) and (b) show absorption spectra of solutions S21, S51, and S101, and those of 
solutions S22, S52, and S102, respectively. For solution S21, a significant increase in absorbance at 
wavelengths longer than 420 nm is observed, which indicates the formation of larger Ag NPs [12,13] 
by aggregation. As shown in Fig. 5.3(b), the absorption peak at around 400 nm disappears in all 
three solutions after the second dialysis, which indicates that the Ag NPs aggregated further to form 
bulk metal. 
The conductivity was measured for all the solutions to estimate the number of ions present. Figure 
5.4 shows the conductivity converted to the value at 25 °C by the conductivity meter. The decrease 
in conductivity upon dialysis indicates that the number of ions in the solutions decreased. Solution 
S21 has the lowest conductivity of the three solutions after the first dialysis. Furthermore, all the 
solutions after the second dialysis have very low conductivity. These results indicate that there is a 
strong relationship between the solution conductivity and the aggregation of the Ag NPs. Namely, 
the adjustment of the ion concentration in the solution is important to avoid the aggregation of Ag 
NPs. A possible cause of the aggregation is the decrease in the number of ions, such as citrate ions, 
surrounding the NPs. It is known that Ag NPs dispersed in a solution containing sodium citrate are 
complexed with negatively charged citrate, and that no aggregation occurs because of electrostatic 
repulsion [6,11]. Furthermore, it has been reported that the ζ potential of SiO2 NPs dispersed in a 
solution containing citric acid is negative [15], which indicates that, as in the case of the Ag NPs, the 
SiO2 NPs form complexes with the negatively charged citrate. Therefore, after the Ag NPs were 
coated with SiO2, the SiO2 is expected to be surrounded by negatively charged citrate, which induces 
electrostatic repulsion. Therefore, aggregation of the SiO2-coated Ag NPs can be avoided. This, in 
turn, indicates that the aggregation of the Ag NPs observed in the present experiment is caused by a 
significant decrease in the amount of negatively charged citrate around the SiO2-coated Ag NPs. The 
results shown in Figs. 5.3(a), 5.3(b), and 5.4 indicate that the conductivity of solution S51, 2.7 mS/m, 
is the minimum conductivity that can prevent the aggregation of the Ag NPs. 
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In view of the objective of the present research to form a stable thin SiO2 coating, solution S51 is 
the most suitable, since the aggregation of the Ag NPs is observed in solution S21, and the amount of 
sodium silicate is lower in S51 than in S101. By using solution S51, Ag NPs with an average diameter 
of 7 nm coated with extremely thin SiO2 coatings with an average thickness of 3 nm, which exhibit 
an electric field enhancement factor of 1.8 on the SiO2 surfaces, can be fabricated [10]. Such an 
extremely thin SiO2 coating cannot be realized by a physical fabrication method. Furthermore, 
thicker SiO2 coatings should be formed on Ag NPs with S101, the solution conductivity of which is 
higher than that of S51. Thus, the monitoring and adjustment of the solution conductivity is of prime 
importance for the control of the thickness of a SiO2 coating as well as for the prevention of the 
aggregation of Ag. 
 
5.4 Conclusions 
The fabrication of Ag nanoparticles with a thin SiO2 coating was conducted by chemical synthesis. 
It was determined that (i) an excessive decrease in solution conductivity owing to excess dialysis 
induces the aggregation of Ag. Namely, the decrease in ions, such as citrate ions, surrounding the 
nanoparticles should reduce electrostatic repulsion, causing aggregation of SiO2-coated Ag 
nanoparticles and (ii) the solution conductivity is a key factor for obtaining SiO2-coated Ag 
nanoparticles with an appropriate SiO2 thickness, whereby the aggregation of Ag can be prevented 
and the plasmonic activity can be utilized effectively. 
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Fig. 5.1.  (a) Absorption spectra of the solution before and after the addition of aqueous solutions of 
1-mM APS with total volumes of 0.2, 0.4, and 0.8 mL. (b) A sketch showing an adhesion model of 
APS molecules on NPs. 
(4.0 × 10-19 m2) 
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Fig. 5.2.  (a) Absorption spectra of the solutions before (S0) and after the addition of 0.54-wt% 
sodium silicate solutions with volumes of 2 mL (S2), 5 mL (S5), and 10 mL (S10). (b) The peak 
positions of the spectra shown in (a). 
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Fig. 5.3.  Absorption spectra of the solutions obtained after the first dialysis (a) and the second 
dialysis (b). 
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Fig. 5.4.  Solution conductivity converted to the value at 25 °C before and after dialysis. ○: Before 
dialysis, ▲: after first dialysis, and ■: after second dialysis. 
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–Chapter 6– Shape-sensitive Reflectance by Nano-structured Metal Attached on an Optical 
Waveguide-mode Sensor  
 
Abstract 
Optical reflectance of a waveguide-mode sensor was measured as a function of light incident angle, 
in the case that either a Au film or nanoparticles converted from the film by thermal treatment were 
attached to the sensor. It is found that a dip in the spectrum, caused by waveguide-mode excitation, 
moves toward a lower angle in the case of the Au-film attachment, while it shifts toward a higher 
angle in the case of the attachment of an ensemble of nanoparticles. This difference in shift can be 
explained by theoretical calculations using average refractive indices of the Au-containing layer. 
Therefore, whether a Au nanostructure is film-like or spherical can be speculated by the spectra. 
 
6.1 Introduction 
Metal nanostructures such as thin films and nanoparticles (NPs) have attracted much attention 
because surface plasmon resonance can localize the energy of light into a region that is much smaller 
than that allowed by the diffraction limit [1–3]. As a matter of course, the plasmonic properties 
induced in them are influenced by their shapes [4]. Therefore, it is quite important that their shapes 
be recognized accurately. Among various methods for observing metal nanostructures, two methods, 
namely, SEM and TEM, are widely used. However, these methods are destructive and require a long 
time and technical mastery for sample preparation. Further, although the diameters of metal NPs can 
be estimated nondestructively using small-angle x-ray or neutron scattering [5,6], these methods 
need radioactive x-rays and neutrons. In the present research, optical reflectance of nano-structured 
metal attached on a waveguide-mode sensor was measured as a function of light incident angle. As a 
result, the shift of a dip in the spectrum was found to depend on metal shapes. This shape-sensitive 
reflectance of metal on a waveguide-mode sensor can be in principle used as a new nondestructive 
method for estimating the shapes of metal nanostructures. 
 
6.2 Experimental Procedures 
Figure 6.1 shows a schematic of the optical system used in the present experiment, which consists 
of a He-Ne laser, a polarizer, a waveguide-mode sensor, and a photodiode. The waveguide-mode 
sensor is composed of a prism and a transparent substrate with two layers of different refractive 
indices; the sensor and the substrate were assembled in the Kretschmann configuration on a 
goniometer. The substrate was prepared by oxidizing a silicon-on-quartz (SOQ) substrate (from 
Shin-Etsu Chemical Co. Ltd.) consisting of a 265-nm-thick Si single-crystal layer and a 1.2-mm- 
thick SiO2 glass layer; the oxidization was carried out in an O2/H2O mixture vapor at 1000 °C for 62 
min. The unoxidized Si single-crystal layer and the newly formed SiO2 glass were used as the 
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above-mentioned two layers. The prism is SiO2 glass in the shape of an isosceles triangle with a 
vertex angle of 30°. It was attached to the SiO2 glass of the SOQ substrate on the side opposite to the 
Si and newly formed SiO2 glass layers so as to form the Kretschmann configuration. Then, the prism 
was illuminated with S-polarized He-Ne laser light (λ = 632.8 nm) at various incident angles in air at 
room temperature, and the reflected light was detected by the photodiode. 
As shown in Fig. 6.1, the incident angle θ was defined as the angle between the direction of the 
incident light beam before its incidence on the prism and the line perpendicular to the substrate 
surface. The incident light propagates in the Si and SiO2 glass layers with repeated reflections, and 
finally returns to the prism side. Although waveguide-mode excitation is induced in these layers at a 
certain incident angle, the propagating light is partly absorbed by the Si layer due to its extinction 
coefficient. As a result, the reflectance decreases at the incident angle corresponding to 
waveguide-mode excitation, forming a dip in the reflection spectrum. If a substance is attached to 
the surface of the SiO2 glass layer, the dip angle should depend on the complex refractive index of 
the substance. Further, if the refractive index changes depending on the substance shape, it should be 
possible to estimate the substance shape by measuring the dip angle. 
Gold (Au) was chosen as a representative metal, and reflection spectra were measured in two 
cases: Au on the SiO2-glass layer surface is either of a film-like shape or an ensemble of NPs. A Au 
film was obtained by vacuum evaporation, while Au NPs were fabricated by thermal treatment of the 
evaporated film, carried out in N2 at 800 °C for 30 min. The thickness of the Au film was measured 
using a quartz crystal microbalance, while the Au NPs were observed using SEM (Hitachi 
High-Technologies S-4800). Here, if the medium surrounding the surface of the SiO2 glass layer is 
water, the measured angle can be adjusted by comparing the critical angle of total reflection 
appearing in the reflection spectrum with the theoretical critical angle at θ = ~62.1°. On the other 
hand, the critical angle is out of the measurement range if the surrounding medium is air, which 
means that an angle error of ±0.1° is inevitable. 
 
6.3 Results and Discussion 
First, the thicknesses of the Si single-crystal layer and SiO2 glass layer were estimated from the 
substrate’s reflection spectrum measured with the surface of the SiO2 glass layer surrounded by 
water and covered with neither a Au film nor NPs. Open circles in Fig. 6.2 show the reflectance of 
the substrate as a function of the incident angle. A dip, caused by the waveguide-mode excitation, is 
observed at θ = ~70.7°. Then, the reflection spectrum was calculated as a function of the thicknesses 
of the Si and SiO2 glass layers by the transfer matrix method [7,8] using the complex refractive 
index of each layer summarized in Table 6.1 [8,9]. The solid curve in Fig. 6.2 is the theoretical 
spectrum calculated by assuming that the thicknesses of the Si and SiO2 glass layers are 33 and 523 
nm, respectively, which agrees well with the experimental spectrum (shown by open circles). This 
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indicates that the thickness of the original 265-nm-thick Si layer decreased to 33 nm and that the 
remaining 232 nm of Si was oxidized. Further, the fact that the thickness increases by 2.25 times 
from 232 nm to 523 nm by oxidation to SiO2 is consistent with the previous result reported for an 
SOQ substrate treated under similar oxidation conditions [8]. Therefore, for further calculations, the 
thickness is assumed to be 33 nm for the remaining Si and 523 nm for the newly formed SiO2 glass. 
Next, Au was evaporated on the surface of the SiO2 glass layer to a thickness of 4.0 nm, and then 
it was treated at 800 °C in N2 for 30 min in order to convert the Au film to NPs. Figure 6.3 compares 
the SEM images of the surface taken after the evaporation of Au (a) and after the subsequent thermal 
treatment (b). It is clearly observed that the Au layer changes from being film-like to an ensemble of 
NPs. The diameters and the number density of NPs are measured to be 22.6 ± 4.8 nm and about 1000 
µm–2, respectively, from Fig. 6.3(b). However, the real diameters are assumed to be smaller than 
those measured because a conductive Pt film with a thickness of a few nm was coated on the 
substrate surface for the SEM observation. By assuming that the entire Au layer with a thickness of 
4.0 nm transformed into an ensemble of Au NPs with the number density of 1000 µm–2, the diameter 
of NPs can be calculated to be 19.7 nm. The difference between this diameter and the one estimated 
directly from Fig. 6.3(b) is ~3 nm, which is similar to the thickness of the Pt film. Thus, the average 
diameter of 19.7 nm will be used in further analysis. 
Next, the author measured the reflection spectrum of a similar substrate with a SiO2 glass surface 
surrounded by air. Here, it should be noted that water cannot be used as a surrounding medium for a 
SiO2 glass layer on which a Au layer has been deposited; this is because the Au layer is easily peeled 
off in water. Figure 6.4(a) shows the reflection spectra obtained experimentally before (i) and after 
the deposition of a Au film having a thickness of 4.0 nm on the SiO2-glass layer surface by vacuum 
evaporation (ii), and after the conversion of the Au film to NPs by the thermal treatment (iii). Here, 
as mentioned above, it was impossible to eliminate the angle error, ±0.1° at its maximum, since the 
medium surrounding the surface of the SiO2 glass layer was air. Before the Au deposition, the 
incident angle of the dip, referred to as θd, is θd = 66.45°. This implies that θd is 4.3° smaller than the 
dip angle shown in Fig. 6.2. This is because the refractive index of the medium surrounding the 
surface of the SiO2 glass layer decreased from 1.332 (water) to 1.000 (air). Change in θd induced by 
the Au deposition, referred to as ∆θd, is ∆θd = –2.43° before the thermal treatment as shown by 
spectrum (ii), while ∆θd is +1.48° after the film was converted to NPs by the thermal treatment, as 
shown by spectrum (iii). Namely, the dip shifts toward opposite angles depending on whether the 
deposited Au is in the form of a film or NPs. It is also observed that the dip shape shown by 
spectrum (ii) is broad, while the one shown by spectrum (iii) is deep, compared to the one shown by 
spectrum (i).  
The average complex refractive index of the Au layer should vary when the Au film is converted 
to NPs, due to the presence of air between NPs. This should be the reason of the above-mentioned 
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difference in θd. In order to confirm this hypothesis, the average complex refractive index (n) of a 
layer consisting of a homogenous mixture of Au NPs and air, hereafter referred to as the “Au/air 
layer”, is estimated by Eq. (6.1) using the Lorentz-Lorenz effective medium expression [10],  
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where nAu and fAu are the complex refractive index and volume fraction of the Au NPs, respectively, 
while na is the complex refractive index of air. If na can be assumed to be unity, Eq. (6.1) can be 
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From the Drude equation, taking account of the influence of the particle diameter [11], nAu becomes 
0.360 + 3.09i. Furthermore, it is assumed that the entire 4.0-nm-thick deposited Au layer was 
converted to the Au/air layer with a thickness equal to the average diameter of Au NPs, 19.7 nm. 
Then, fAu becomes 4.0/19.7. By using these values, the complex refractive index of the Au/air layer 
was calculated to be n = 1.47 + 0.0441i, which is significantly different from that of film-like Au, 
0.197 + 3.098i [12]. This difference in the complex refractive indices of film-like Au and the Au/air 
layer seems to be the reason for the significant difference in θd between spectra (ii) and (iii) shown 
in Fig. 6.4(a). Thus, whether film-like Au or Au NPs can be speculated easily by paying attention to 
this difference. 
In order to verify the above assumption, reflection spectra were calculated by the transfer matrix 
method for the configurations and their parameters listed in Table 6.2. Figure 6.4(b) shows the 
calculated spectra before (i) and after the deposition of Au with a thickness of 4.0 nm on the surface 
of the SiO2 glass layer (ii), and after the conversion of the deposited Au to NPs by the thermal 
treatment (iii). Spectrum (ii) shows that ∆θd induced by the Au deposition is –1.43°. The fact that 
∆θd is negative or the dip shifts toward a lower angle is consistent with the experimental result 
shown by spectrum (ii) in Fig. 6.4(a). However, the dip shape does not agree with the experimental 
result. The fact that the actual deposited surface is not completely flat, as shown in Fig. 6.3(a), could 
be a possible cause. On the other hand, spectrum (iii) indicates that ∆θd is +1.03°, when the 
deposited Au transforms into NPs, which agrees fairly well with the experimental result shown by 
spectrum (iii) in Fig. 6.4(a). It is also found that the dip shape is also in agreement with the 
experimental result. 
Further verification was carried out. First, Au was deposited to a thickness of 2.0 nm and it was 
then annealed at 800 °C in N2 for 30 min in order to obtain Au NPs. Open squares in Fig. 6.5 show 
the reflection spectrum of the substrate with NPs, while open circles represent the spectrum obtained 
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before the Au deposition, shown by the curve (i) in Fig. 6.4(a). From these spectra, ∆θd is found to 
be +0.67°. The inset shows an SEM image of the surface after the formation of NPs, which reveals 
that the average diameter and number density of NPs are about 11.4 nm and 2570 µm–2, respectively. 
From these values, the average complex refractive index was estimated to be 1.39 + 0.0463i. The 
solid curve in Fig. 6.5 shows the theoretical spectrum calculated using these estimated values; it is 
clearly observed that the shape as well as θd in the experimental spectrum agrees quite well with the 
theoretical result. 
Here, in order to recognize easily that θd depends on whether the deposited Au is in the form of a 
film or NPs, Fig. 6.6 shows θd as a function of evaporation thickness of Au. The open circle 
represents θd obtained before the Au deposition, while solid squares and triangles represent θd 
obtained for substrates with and without the thermal treatment of Au deposited, respectively. As 
mentioned above, the Au shape is film-like before the thermal treatment, while it is NP-like after the 
treatment. Thus, θd shifts toward opposite angles depending on the shape of Au attached to the 
substrate: whether the Au is film-like or in the form of an ensemble of NPs. This fact indicates that 
the present waveguide-mode sensor can be in principle used for the shape estimation of metal 
nanostructures. 
Furthermore, the spectral shape can be calculated theoretically if the Au attached is in the form of 
an ensemble of NPs. The variables here are the average diameter and number density of NPs. 
Therefore, if the volume, or the product of the diameter and number, of the Au deposited can be 
measured by an instrument such as a quartz crystal microbalance, the diameter and number can be 
estimated as the values that can reproduce the spectrum obtained experimentally. Furthermore, if the 
diameter of Au NPs is known, as in the cases of colloidal Au NPs used widely as labels for 
biomolecular detection, the number of NPs attached can be estimated. Thus, by using the 
waveguide-mode sensor, the average diameter and number of NPs can also be estimated. 
In the present optical system, only the reflectance of light is measured. Therefore, it is 
nondestructive, and no radioactive rays are used. There have been several papers reporting similar 
shape-sensitive optical measurement results on nano-structured metal [13,14]. For example, 
Kalyuzhny et al. compared absorption spectra of a transparent substrate on which an island-like Au 
film or an ensemble of Au NPs had been deposited [13]. However, the measurement of absorption 
spectra cannot avoid inevitable influences of reflection and scattering. In this regard, the 
measurement of reflection, in which the incident and reflection angles can be determined precisely, 
is much superior. Furthermore, since the present optical system is not complex, in-situ observation 
during the formation of nanostructures can be performed by installing the system in the fabrication 
chamber. Moreover, the system can be used even when the substrate surface is covered with liquid, 
because the light is incident on the prism that is set on the opposite side of the metal-attached layer. 
Thus, the system is attractive because of these features that cannot be satisfied by any other methods. 
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6.4 Conclusions 
It has been demonstrated clearly that the dip angle in the spectrum of the light reflected from a 
waveguide-mode sensor depends on the shape of Au included in a layer attached on the backside of 
the sensor: whether Au is in the form of a film or in the form of an ensemble of nanoparticles. This is 
because of the fact that the average refractive index of the Au-included layer is quite different 
between the two forms. Furthermore, in the case of Au nanoparticles, the spectrum obtained 
experimentally agrees fairly well with that obtained theoretically by taking account of the average 
complex refractive index, which can be calculated using the average diameter and number density of 
nanoparticles. Thus, the waveguide-mode sensor can be utilized for shape estimation of Au 
nanostructures. Moreover, if either the diameter or number density of nanoparticles is known or if 
the relation between the two is given, they can be estimated fairly accurately. 
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Layer Complex refractive index 
SiO2 glass prism and SiO2 glass substrate 1.456 
Si single-crystal layer 3.882+0.019i 
SiO2 glass layer 1.456 
Water 1.332 
 
Table 6.1.  Materials used in individual layers of the sample. Complex refractive indices 
employed to obtain the theoretical spectrum shown in Fig. 6.2 are also listed. 
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Layer Complex refractive index Thickness [nm] 
SiO2 glass prism and SiO2 glass substrate 1.456 – 
Si single-crystal layer 3.882+0.019i 33 
SiO2 glass layer 1.456 523 
Au-attached layer   
     Au film (Spectrum (ii) in Fig. 6.4(b)) 0.197+3.098i 4.0 
     Au NPs (Spectrum (iii) in Fig. 6.4(b)) 1.47+0.0441i 19.7 
Air 1.000 – 
 
 
 
 
 
 
 
 
 
 
Table 6.2.  Materials used in individual layers of the sample and their thicknesses. 
Complex refractive indices employed to obtain the theoretical spectra shown in Fig. 
6.4(b) are also listed. 
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Fig. 6.1.  Schematic showing the optical reflectance measurement system. 
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Fig. 6.2.  Optical reflectance of the substrate as a function of the incident angle, observed with the 
surface of the SiO2 glass layer surrounded by water and covered with neither a Au film nor NPs 
(open circles). The solid curve shows the theoretical spectrum calculated by assuming that the Si and 
SiO2 glass layers are 33 and 523 nm thick, respectively. 
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Fig. 6.3.  Scanning electron microscopy images of the surface of the SiO2 glass layer, taken after 
evaporating Au to a thickness of 4.0 nm on the surface (a) and after the subsequent thermal treatment 
at 800 °C in N2 for 30 min (b).  
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Fig. 6.4.  Experimental (a) and theoretical (b) reflection spectra of the substrate in the case that the 
surrounding medium was air. Curves (i) to (iii) represent the spectra obtained before (i) and after the 
deposition of the 4.0-nm-thick Au film on the SiO2 glass surface (ii), and after the conversion of the 
deposited film to NPs by the thermal treatment (iii). 
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Fig. 6.5.  Reflection spectrum of the substrate after the 2.0-nm-thick Au film was converted to NPs 
by the thermal treatment (open squares). The spectrum before the Au deposition, shown by the curve 
(i) in Fig. 6.4(a), is also shown as open circles. The solid curve is the theoretical spectrum after the 
formation of Au NPs, while the inset shows an SEM image of the SiO2 glass surface on which the 
NPs were formed. 
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Fig. 6.6.  The dip angle θd as a function of evaporation thickness of Au. The open circle represents 
θd obtained before the Au deposition, while solid squares and triangles represent θd obtained for 
substrates with and without the thermal treatment of Au deposited, respectively. 
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–Chapter 7– Summary 
 
To conclude this doctoral thesis, important knowledge obtained in each session is summarized as 
follows. Future prospects of the near-field optics are also described.  
 
Chapter 2 
Structural changes induced in rutile TiO2 single crystals by swift-heavy-ion irradiation have been 
investigated, and its applications to three-dimensional lithography have been described. From XRD 
and TEM analyses, it was found that the crystallinity became worse in the ion-irradiated region. 
Namely, the ion-irradiated region became amorphous and the surrounding region was distorted. It 
also became clear that this amorphous region, or a latent track, as well as its surrounding could be 
etched by hydrofluoric acid, while the nonirradiated region could not be etched. In the case of the 
irradiation of Ti, Cu, Br, and I ions, etching stopped at the depth where the electronic stopping 
power decayed to 6.2 keV/nm irrespective of the ion species and acceleration energy. However, in 
the case of the irradiation of Cl ions with energies higher than ~77 MeV or that of Ca ions with 
energies higher than ~72 MeV, the top surface remained unchanged, keeping the rutile structure, and 
could not be etched even if the electronic stopping power exceeded 6.2 keV/nm, while a vacant 
hollow was created by being etched inside the TiO2. Calculation of the radial distribution of energy 
deposited on the surface by one ion, in which the ion velocity is taken into account, clearly shows 
that this energy distribution is the critical factor to determine whether the surface can be etched or 
not. Furthermore, lithography to the TiO2 surface has been demonstrated successfully using this 
etching technique. It was found that the bottom surfaces and sidewalls fabricated by this method 
were smooth in the order of nm. These facts show that a combination of the swift-heavy-ion 
irradiation and etching of the ion-induced latent track is novel as micro- and nano-fabrication 
methods of two- and three-dimensional structures into insulators.  
 
Chapter 3 
A new plasmonic structure with a three-dimensional distribution of Au nanoparticles (NPs) in 
nanopores, perforated by the etching of swift-heavy-ion-induced latent tracks with hydrofluoric acid 
vapor, on the surface of a SiO2 glass has been developed. First, for various ion irradiation conditions, 
the radius of the ion-induced melted region calculated based on the thermal spike model was 
compared to the average radius of nanopores perforated by immersing in hydrofluoric acid. As a 
result, there was a strong correlation between the melted radius and the nanopore radius. Therefore, 
it is confirmed that the radius of a nanopore or latent track is determined by the melted region. Next, 
latent tracks were formed on SiO2 glass using 137-MeV Au ions, by which the largest pores should 
be obtained according to the calculation of the melted region. Then each track was etched by 
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hydrofluoric acid vapor, resulting in the formation of nanopores with an average diameter of ~50 nm. 
Furthermore, Au NPs were embedded into the nanopores using vacuum evaporation and thermal 
treatment. In the structure fabricated, the redshift in the localized surface plasmon (LSP) excitation 
wavelength of the Au NPs was seen when water, introduced into the nanopores, surrounded the NPs. 
This is consistent with the theoretical result estimated from the Drude equation. Thus, it is confirmed 
that the fabricated structure can be applied to a sensing element such as a biomolecular sensor to 
detect the change in refractive index around the Au NPs.  
 
Chapter 4 
In preceding chapters, it was demonstrated that LSP resonance in the near-ultraviolet region 
occurring in Ag NPs with a thin SiO2-glass film can be utilized to various applications such as 
photocatalysts. In this chapter, the SiO2-glass-coated Ag NPs were fabricated using a chemical 
synthesis in a solution, and their optical properties were investigated. From a TEM image, it became 
clear that extremely small plasmonic structures of Ag NPs with an average diameter of 7 nm coated 
with SiO2 glass with an average thickness of 3 nm could be fabricated by this method. Furthermore, 
it was found that the LPS excitation wavelength of the Ag NPs shifted from 395 to 400 nm due to the 
coating of SiO2 glass, which is so small that the degradation of the electric field enhancement in the 
near-ultraviolet region can be neglected. Furthermore, numerical simulation shows that the 
significant electric field enhancement by a factor of 1.8 can be obtained by the fabricated structures. 
Thus, it is concluded that higher performance of various optical devices used in the near-ultraviolet 
region can be realized using the synthesized SiO2-glass-coated Ag NPs.  
 
Chapter 5 
In this chapter, first, the appropriate amount of 3-aminopropyltrimethoxysilane (APS) as a silane 
coupling agent used to couple Ag and SiO2 glass was investigated. Through absorption measurement 
and numerical calculation on the area of APS attached onto Ag-NP surfaces, it was found that 
aggregation of Ag NPs occurred when the amount of APS exceeded the amount necessary to form 
the monolayer coating around the NPs. This result is consistent with the one obtained by a similar 
experiment on Au NPs. From these results, the appropriate amount of APS to yield Ag NPs with no 
aggregation was estimated successfully. Next, conditions necessary to prevent the aggregation of Ag 
NPs during the coating of SiO2 glass were investigated by changing the amount of sodium silicate as 
well as the number of dialysis. As a result, it was found that the decrease in solution conductivity 
accelerated the aggregation, resulting in deterioration of the plasmonic activity of Ag NPs. This in 
turn indicates that the aggregation of Ag should be caused by decay of electrostatic repulsion 
between the NPs due to the decrease in the number of ions surrounding the NPs. Thus, it is revealed 
that the solution conductivity is a key factor for the synthesis of SiO2-glass-coated Ag NPs with no 
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aggregation.  
 
Chapter 6 
A significant difference was found in the dip angle occurring in an optical reflection spectrum of a 
waveguide-mode sensor depending on the shape of nano-structured metal, and this was investigated 
in Chapter 6. Optical reflectance in the waveguide-mode sensor as a function of light incident angle 
was measured in two cases that either a continuous Au film or an ensemble of Au NPs were attached 
to the sensor. It was found that the dip shifts toward opposite angles depending on whether the 
deposited Au is in the form of a film or NPs, even if the amount of the deposited Au was the same. In 
order to investigate the reason why such difference in dip angle occurred, theoretical calculations 
using the transfer matrix method were carried out. For the case of the Au-NP attachment, the 
Lorentz-Lorenz effective medium expression was used. As a result, it was revealed that the 
difference occurred due to the fact that the average complex refractive index of the Au-containing 
layer significantly differed from each other. In addition, especially in the case of Au NPs, it was also 
clearly shown that the shape of the experimental spectrum agreed fairly well with that of the 
theoretical spectrum. Thus, it is confirmed that whether Au is in the form of a film or of an ensemble 
of NPs can be distinguished nondestructively using the waveguide-mode sensor. This in turn 
indicates that the sensing system is a possible method for shape estimation of nano-structured metal.  
 
Future prospects in the near-field optics 
As mentioned in each chapter, optical near-field is a new light occurring in a region much smaller 
than the diffraction limit. This special light has a significantly wide range of applications such as a 
highly sensitive biomolecular sensor, a high-performance photocatalyst and a solar cell, enhance- 
ment of Raman scattering, a plasmonic waveguide, and so on. Since such various outstanding optical 
devices can be realized, importance of optical near-field is increasing day by day. Although most of 
these applications utilizing optical near-field are presently in the phase of “research and 
development”, they must come into the phase of “practical use” in the near future.  
As mentioned above, optical near-field is quite a small light, however, it has a large potential. I am 
sure that research on near-field optics makes further progress, and this special light will illuminate 
and brighten our future.  
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